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ABSTRACT 
Population Genetics and Conservation of the American Crocodile, Crocodylus 
acutus, on the Pacific Coast of Costa Rica 
Laurie Anne Cotroneo 
James R. Spotila, Ph.D. 
 
 
 
 
  Crocodylus acutus ranges widely in the American neo-tropics. It is listed as 
vulnerable by the International Union for the Conservation of Natural Fauna and Flora 
(IUCN) and on Appendix I of the Convention for the International Trade in Endangered 
Species of Wild Flora and Fauna (CITES). Despite this listing, C. acutus remains poorly 
studied throughout much of its range. The objective of this study was to characterize the 
population genetic structure of C. acutus, on the Pacific coast of Costa Rica. Population 
assessments were conducted in four areas, Las Baulas, Santa Rosa and Palo Verde 
National Parks and the Osa Conservation Area to determine encounter rates, size class 
distributions and distributions within the areas. Non-hatchling crocodiles were 
encountered at rates ranging from 1.2 to 4.3 crocodile km-1. These encounter rates were 
comparable to or higher than other crocodilian studies. I collected 183 samples and 
genotyped them at nine microsatellite loci to describe the genetic diversity, gene flow, 
population subdivision and landscape genetics of C. acutus on the Pacific coast of Costa 
Rica. Crocodile populations on the Pacific coast were moderately genetically diverse with 
an average heterozygosity of 0.57. No population was in Hardy-Weinberg Equilibrium at 
all nine microsatellite loci. This suggested that genetic change was occurring. This 
change was probably caused by migration into and out of areas along the Pacific coast. 
There were 2.4 effective migrants per generation along the entire coast. The isolation by 
distance model was not supported over a straight-line, coastline or a cost distance 
xv 
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analysis. Crocodiles were hypothesized to use a combination of streams and rivers, 
oceanic and overland routes for dispersal.  Two model-based clustering analyses 
indicated that crocodiles were segregated into three populations along the coast. Las 
Baulas National Park formed an isolated cluster with both methods. This level of 
population subdivision supported the presence of metapopulations along the Pacific coast 
of Costa Rica and not one panmictic population. The results of this study show that 
crocodile populations in Costa Rica should not be managed as separate entities. Instead, 
they should be managed as interacting units of one large population.  
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CHAPTER 1: INTRODUCTION 
 
 
Crocodilians are keystone species (Dever and Densmore 2001) and play a key 
role in the biodiversity and maintenance of ecosystems (Dever et al. 2002). Important 
activities carried out by crocodilians include selective predation on fish species, nutrient 
recycling and the maintenance of wet ecosystems during droughts (Ross 1998). Despite 
their positions as top predators in tropical and subtropical ecosystems, little is known 
about this group of reptiles (Dever and Densmore 2001), with the American alligator, 
Alligator mississippiensis, being the most studied species (Ryberg et al. 2002; Davis et 
al. 2001; Glenn et al. 1998). Many species of crocodilians are endangered due to illegal 
hunting, habitat loss and fragmentation resulting from human activity (Dever and 
Densmore 2001; Glenn et al. 1998; Mazzotti and Cherkiss 2003; Baillie et al. 2004). This 
status has made it crucial to determine the population status and life history traits of 
different crocodilian species.  
Population genetic studies will provide a useful tool in the management of 
crocodilians. The International Union for Conservation of Nature (IUCN) Crocodile 
Specialist Group (CSG) emphasized the need for population genetic research in several 
crocodilian species, including the American crocodile, Crocodylus acutus (Ross 1998; 
Dever et al. 2002). Population genetics and demography should not be mutually 
exclusive in management plans. Genetic studies in conjunction with ecological, 
behavioral and environmental studies will enable the most beneficial management plans 
to be enacted. Genetic studies can provide important demographic characteristics of the 
populations that are crucial to the conservation of species (Avise 1995; Palsboll et al. 
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2006). Previous genetic studies on crocodilian populations have highlighted the link 
between population genetics and demography and the importance of including genetics in 
management plans. Ryberg et al. (2002) showed that American alligator (Alligator 
mississippiensis) populations in Texas were genetically distinct from each other 
according to demographic and life history differences. Barriers to dispersal were also an 
important factor in influencing genetic subdivision. Low levels of gene flow were 
observed between inland and coastal alligator populations even if they were connected by 
river drainage systems (Ryberg et al. 2002). Therefore, it was recommended that the 
alligator populations in eastern Texas be managed separately to preserve the unique 
genetic signatures found in each subpopulations (Ryberg et al. 2002). Farias et al. (2004) 
also observed a connection between population genetics and demography. The genetic 
characteristics of two crocodilian species, spectacled caiman (Caiman crocodilus) and 
black caiman (Melanosuchus niger) differed according to their life-styles. The genetics of 
the spectacled caiman, a habitat generalist, suggested that this species rapidly dispersed 
into new habitats, while the genetics of the black caiman, a habitat specialist, did not 
suggest dispersal (Farias et al. 2004). 
Crocodylus acutus is listed on Appendix I by the Convention on International 
Trade in Endangered Species of Wild Fauna and Flora (CITES; CITES 2006) and as 
vulnerable on the 2007 IUCN Red List (IUCN 2007). Availability of survey data for C. 
acutus is poor throughout much of its range with the most information available for the 
southern Florida population according to the IUCN Crocodile Specialist Group (CSG) 
Action Plan (Ross 1998). Studying the status and ecology of C. acutus in Costa Rica was 
named a high priority project by the IUCN CSG (Ross 1998). There are reports of large 
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populations in several areas of Costa Rica. The excellent institutional infrastructure of the 
country makes it an ideal place to study the population structure of C. acutus for 
management and conservation of the species throughout its range. 
 The American crocodile is one of the most widely distributed New World 
crocodilian (Ross 1998; Mazzotti and Cherkiss 2003) ranging from the southern tip of 
Florida, the Atlantic and Pacific coasts of Mexico and Central America to northern South 
America. They inhabit freshwater and brackish coastal habitats, including coastal lagoons 
and mangrove swamps (Ray et al. 2004; Ross 1998; Gaby et al. 1985) and are known to 
breed successfully in man-altered environments (Gaby et al. 1985).   
Many crocodilian species are classified according to their size. Crocodylus acutus  
size classes include hatchlings (less than 0.5 m total length), juveniles (0.5 to 2.25 m) and 
adults (larger than 2.25 m, size at first breeding) (Kushlan and Mazzotti 1989a). Juveniles 
are sometimes further divided into juveniles (0.5 to 1.25 m) and subadults (1.25 to 2.25 
m).  Kushlan and Mazzotti (1989) found that the Florida Bay population was distributed 
across all three age populations. 77% of captured crocodiles were determined to be 
hatchlings, 16% juveniles and 6% were adults. Their study and size class definitions are 
limited due to lack of information on the growth rates of all captured crocodiles. 
Maintenance of genetic diversity is crucial for the long-term survival of a species 
(Dever et al. 2002; Lowe et al. 2004). Understanding the genetic population structure of 
crocodilians will contribute to management plans and help to address numerous 
unanswered questions and is critical to their protection. Population genetic research can 
help to gather information on phylogeography, population structure, migration patterns, 
paternity patterns, sperm storage and introgression of crocodile populations (Ray et al. 
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2004; Fitzsimmons et al. 2000). Population genetics have been applied to numerous 
crocodilian studies including describing the genetic diversity of the critically endangered 
Orinoco crocodile for restocking and reintroduction programs (Fitzsimmons et al. 2000); 
hybridization between sympatric species (Fitzsimmons et al. 2000; Ray et al. 2004; 
Dever et al. 2002; Rodriguez, 2007); mating systems (Fitzsimmons et al. 2000; Davis et 
al. 2001; Dever and Densmore, 2001; Lang et al. 1993); relatedness among and between 
populations (Lang et al. 1993; Fitzsimmons et al. 2000; Dever and Densmore, 2001) and 
gene flow between neighboring populations (Fitzsimmons et al. 2000; Dever et al. 2002; 
Davis et al. 2002; Ryberg et al. 2002; Glenn et al. 1998; Glenn et al. 2002). 
Microsatellite loci are promising nuclear markers to use in genetic studies. They 
are characterized by high mutation rates and high levels of allelic diversity and 
heterozygosity (Fitzsimmons et al. 2000; Lowe et al. 2004). These short segments of 
repeating DNA create unique fingerprints in every individual and make microsatellite 
DNA an important tool in studying the genetic structure of populations. Nuclear markers 
provide extra challenges in defining population structure because they are bi-parentally 
inherited; undergo recombination and differential dispersal of the sexes (Taylor et al. 
2000). Microsatellites have been utilized to study genetic characteristics of alligator 
populations (Davis et al. 2002; Ryberg et al. 2002; Glenn et al. 1998; Glenn et al. 2002), 
but few studies have been conducted on wild crocodile populations (Dever and Densmore 
2001). 
Microsatellite loci in the nuclear DNA have been characterized in several 
crocodilian species (Glenn et al. 1998; Dever and Densmore 2001; Davis et al. 2001; 
Lang et al. 1993; Verdade et al. 2002; Fitzsimmons et al. 2000). Glenn et al. (1998) were 
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among the first to demonstrate the potential of these markers in crocodilian populations. 
Microsatellites have recently been developed for the American crocodile (Fitzsimmons et 
al. 2000; Rodriguez, 2007; Dever and Densmore 2001) and have been shown as powerful 
tools in studying the population genetics of wild populations. 
 Polymorphisms within mitochondrial DNA (mtDNA) can also be used as genetic 
markers. They are considered to be one of the best genetic markers for conservation 
decisions regarding the structure of a population because of their rapid mutation rates in 
many species and maternal mode of inheritance (Avise 1995; Taylor et al. 2000). 
Mitochondrial DNA provides important information about maternal dispersal and 
migration patterns. Utilizing polymorphisms from both nuclear and mitochondrial DNA 
is a powerful tool that enables researchers to look at numerous facets of the species 
biology and provides a promising outlook on defining management plans. 
 Microsatellite DNA markers have been used to determine genetic relatedness and 
variability in numerous crocodilian populations. Verdade et al. (2002) showed that small 
populations of the broad-snouted caiman, Caiman latirostris, are composed primarily of 
related individuals.  Limited gene flow was observed between different geographic 
populations (Verdade et al. 2002). It was also shown that genetic distance and geographic 
distance for the broad-snouted caiman are related (Verdade et al. 2002). Individuals 
living in closer proximity were more likely to be related than individuals living at greater 
distances. Dever et al. (2002) confirmed the isolation-by-distance model of gene flow in 
Morelet’s crocodile (Crocodylus moreletti) using nuclear DNA. Nine microsatellite loci 
were used to investigate the genetic structure and gene flow of between species. A 
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significant correlation (p = 0.018) was noted between genetic relatedness and geographic 
distance (Dever et al. 2002).  
 Crocodilians are known to migrate long distances. Estuarine crocodiles, 
Crocodylus porosus, have been recorded traveling 87 km (Kay 2004). Webb and Messel 
(1978) also noted hatchlings of this species migrating distances up to 81 km in a year. 
Read et al. (2007) showed that estuarine crocodiles exhibit strong site fidelity and can 
move long distances, up to 400 km, along a coastline. There have also been accounts of 
C. acutus migrating substantial distances (100 miles) in southern Florida. The ability of 
crocodilians to migrate and disperse long distances increases the extent of gene flow that 
could occur between neighboring or distant populations. Isolation by distance has been 
found in populations of Morelet’s crocodile in Belize (p = 0.018; Dever et al. 2002), 
American alligators in Texas (p = 0.02; Ryberg et al. 2002) and black caiman in Brazil 
and French Guiana (Farias et al. 2004). It is not known if this type of subdivision in 
present at microsatellite loci between American crocodile populations in Costa Rica.  
One effective migrant per generation is needed to prevent genetic drift (Mills and 
Allendorf 1996). Migration at this rate would ensure that gene flow continues between 
neighboring and distant populations and prevent genetic drift from occurring. Since 
crocodiles are known to migrate long distances, it is possible that crocodiles are 
migrating along the Pacific coast of Costa Rica, thus facilitating gene flow between 
populations. 
 While other crocodilian species have been studied extensively in the United 
States, Australia and Africa, population data for the American crocodile is poor 
throughout much of its range (Ross 1998). There are few published reports on the genetic 
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structure of this species in Costa Rica. Menzies and Kushlan (1991) determined that C. 
acutus populations in Florida, Jamaica and the Dominican Republic show little genetic 
divergence. Densmore (1983) suggested that the Crocodylus genus radiated post-
Pliocene. The low genetic distance between these C. acutus populations supports this 
hypothesis. The ability of the species to disperse long distances over land and sea could 
facilitate gene flow and reduce the genetic distance observed between species. The 
objective of this study is to describe the population genetic structure of the American 
crocodile (Crocodylus acutus) on the Pacific coast of Costa Rica. I will be looking at the 
genetic diversity within and among populations along the Pacific coast of Costa Rica by 
investigating population subdivision, gene flow and relatedness. 
 Rodriguez (2007) recently completed the first comprehensive study of C. acutus 
using microsatellite and mitochondrial DNA markers. He reported that hybridization 
observed in microsatellite and mitochondrial DNA is a significant threat to the genetic 
integrity of C. acutus and other sympatric species in the Crocodylus genus. He also found 
that crocodiles inhabiting the manmade environment at Turkey Point Power Plant in 
Florida exhibited low levels of genetic diversity due to inbreeding depression (Rodriguez 
2007). This study emphasized the need to further characterize the genetic structure of C. 
acutus throughout its range. 
 The river and estuary systems on the Pacific coast of Costa Rica are more disjunct 
than the continuous ecosystem of southern Florida and the Caribbean Sea. Suitable 
crocodile habitat is found within pockets along the Pacific coast of Costa Rica. The 
estuary system of the Pacific coast of Costa Rica is an ideal place to study 
metapopulation structure of crocodiles because the crocodiles live in isolated populations 
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in small estuaries. A metapopulation is a group of geographically separated populations 
that interact with each other. Understanding the connectivity between potential 
metapopulations is crucial in developing management plans for C. acutus within Costa 
Rica.  
I hypothesize that there will be a metapopulation structure for the American 
crocodile in Guanacaste. I expect to find source and sink populations of the American 
crocodile along the Pacific coast of Costa Rica and that they are related to estuary size 
and human disturbance. I also hypothesize genetic distance between populations within 
Guanacaste to be low due to potential adult dispersal. I expect genetic distance to 
increase with geographic distance. I also expect heterozygosity levels of C. acutus within 
and among populations throughout Costa Rica to be average to high for vertebrates of 
comparable size.  
  
Objective  
My overall objective is to determine the population genetic structure of the 
American crocodile, Crocodylus acutus in Costa Rica. Populations from along the Pacific 
coast will be analyzed to determine heterozygosity levels, relatedness and genetic 
differentiation within and between populations and gene flow rates between population 
pairs. Both microsatellite loci and mitochondrial DNA will be utilized. The genetic data 
obtained will be used to enhance conservation strategies of C. acutus within Costa Rica. 
 
Specific Aims 
1. Conduct population assessments in several estuaries, rivers and coastal 
lagoons along the Pacific coast of Costa Rica. Crocodile populations will be 
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surveyed in four proposed populations to determine their distribution with 
individual habitats, encounter rates, size class distribution, presence of 
reproductive activity and sex ratios. The crocodile populations in Las Baulas 
National Park, Santa Rosa National Park, Palo Verde National Park and the Osa 
Conservation Area will be studied. This study will provide preliminary population 
data for many areas in Pacific Costa Rica and will be used to supplement later 
genetic analysis. 
 
2. Determine the population genetic structure and amount of effective 
migration occurring between Crocodylus acutus populations along the Pacific 
coast of Costa Rica. Genetic samples will be collected from 11 localities in 
Pacific Costa Rica, including Las Baulas, Santa Rosa and Palo Verde National 
Parks and the Osa Conservation Area. Crocodiles will be genotyped at nine 
microsatellite loci to estimate standard genetic parameters. Model based 
clustering methods will be used to define crocodile population clusters according 
their genetic structures. 
 
3. Investigate the influence of geographic features on gene flow between C. 
acutus populations along the Pacific coast of Costa Rica. Landscape genetics 
will be used to investigate the presence of geographic barriers to gene flow 
between the sampled populations within Las Baulas, Santa Rosa and Palo Verde 
National Parks and the Osa Conservation Area. The presence and location of 
metapopulations will also be identified if they exist along the coast. Bayesian 
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analysis will be used to group individuals into populations based and Hardy-
Weinberg and Linkage Equilibrium (HWLE). 
 
 
4. Characterize the mitochondrial DNA of C. acutus along the Pacific coast of 
Costa Rica. I will sequence two mitochondrial genes the tRNAPro–tRNAPhe 
region of the D-loop and cytochome-b from individuals sampled from 4 areas. 
Neighbor-joining (NJ) trees will be used to demonstrate population subdivision 
according to the mitochondrial DNA sequence analysis.  The mitochondrial 
haplotype distribution will also be determined. 
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CHAPTER 2: POPULATION ASSESSMENTS OF THE AMERICAN 
CROCODILE, CROCODYLUS ACUTUS, ON THE PACIFIC COAST OF COSTA 
RICA 
 
 
ABSTRACT 
Crocodylus acutus ranges widely in the American neo-tropics. It is listed as vulnerable by 
the International Union for the Conservation of Natural Fauna and Flora (IUCN) and on 
Appendix I of the Convention for the International Trade in Endangered Species of Wild 
Flora and Fauna (CITES). Despite this listing, C. acutus remains poorly studied 
throughout much of its range. The objective of this study was to conduct population 
assessments of four crocodile populations along the Pacific coast of Costa Rica. 
Encounter rates, size class distribution and distribution within surveyed estuaries, rivers 
and lagoons were determined for Las Baulas, Santa Rosa and Palo Verde National Parks 
and for the Area of Conservation Osa. The average non-hatchling encounter rate per 
survey for the Pacific coast was 3.1 crocodiles km-1, with individual encounter rates 
ranging from 1.2 crocodiles km-1 to 4.3 crocodiles km-1 in Las Baulas National Park and 
Area of Conservation Osa respectively. The majority of encountered crocodiles (54.9%) 
were hatchlings and juveniles. My results suggest that crocodile populations in Pacific 
Costa Rica are recovering from past reductions. However, future work is needed to 
further characterize the American crocodile population in Costa Rica. 
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INTRODUCTION 
 Crocodilians are keystone species (Dever and Densmore 2001) and play a key 
role in the biodiversity and maintenance of ecosystems (Dever et al. 2002). Successful 
management plans for these charismatic species must include factors influencing a 
population and an assessment of various management actions (Kushlan 1988). The 
limited data on the population biology of many crocodilian species makes it crucial to 
better understand the connections between different populations. The American 
crocodile, Crocodylus acutus, is the most widely distributed of the New World 
crocodilians. This species ranges from the extreme southern tip of Florida, throughout the 
Caribbean and along the Pacific and Caribbean coasts of Central and northern South 
America (Thorbjarnarson et al. 2006). The primary habitat of C. acutus are coastal 
lagoons and estuaries, although they can be found further inland along major rivers and 
land-locked lakes (Platt and Thorbjarnarson 2000b) they seem to prefer habitats of lower 
salinity (Kushlan and Mazzotti 1989a). The diet of a crocodile shifts as they grow, 
ranging from insects to larger fish and mammal species (Tucker et al. 1996). 
 Crocodylus acutus population numbers were severely depleted during the 20th 
century due to hunting and over-harvesting (Thorbjarnarson et al. 2006). As a result, C. 
acutus was placed on the United States Endangered Species Act (1973) and Appendix I 
of the Convention on International Trade in Endangered Species of Wild Fauna and Flora 
(CITES) 1979 and is recognized as vulnerable by the International Union for the 
Conservation of Nature and Natural Resources (IUCN) Red Book. Availability of survey 
data for C. acutus is poor throughout much of its range with the most information 
available for the southern Florida population (Dunson 1982; Gaby et al. 1985; Kushlan 
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1988; Kushlan and Mazzotti 1989a; Kushlan and Mazzotti 1989b; Ogden 1978; 
Thorbjarnarson et al. 2006) according to the IUCN Crocodile Specialist Group (CSG) 
Action Plan (Ross 1998). Studying the status and ecology of C. acutus in Costa Rica has 
been named a high priority project by the IUCN CSG (Ross 1998). There are reports of 
healthy populations in several areas around the country. The excellent infrastructure of 
the country makes it an ideal place to study the population structure of C. acutus for 
management and conservation throughout the species range. 
 The primary objective of this study was to conduct population assessments in 
several estuaries, rivers and coastal lagoons along the Pacific coast of Costa Rica. The 
river and estuary systems on the Pacific coast of Costa Rica are more disjunct than the 
continuous ecosystem of southern Florida and the Caribbean Sea. Suitable crocodile 
habitat is found within pockets along the coast of Guanacaste. The estuary system of the 
Pacific coast of Costa Rica is an ideal place to study metapopulation structure of 
crocodiles because the crocodiles are believed to live in isolated populations in small 
estuaries. Understanding linkages between these potential metapopulations is crucial in 
developing management plans for C. acutus within Costa Rica.   
  
 
METHODS 
Study Area 
 I conducted fieldwork on C. acutus populations in four areas on the Pacific coast 
of Costa Rica (Figure 2.1). I surveyed three areas on the northwestern province of 
Guanacaste: Las Baulas National Park (LB; 10.32° N, 85.83° W), Palo Verde National 
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Park (PV; 10.33° N, 85.38° W) and Santa Rosa National Park (SR; 10.78° N, 85.66° W).  
I also surveyed seven populations throughout the southwestern province of the Osa 
Peninsula. These populations are in the Area of Conservation Osa (ACOSA) include, 
Pejeperrito Lagoon (PTL; 8.44° N, 83.43° W), Pejeperro Lagoon (PL; 8.41° N, 83.38° 
W), Rio Esquinas (RE; RE; 8.73° N, 83.3° W), Rio Coto (RC; 8.55° N, 83.1° W), Rio 
Sierpe (RS; 8.82° N, 83.46° W) and the Parrot Bay Lodge (PB; 8.54° N, 83.3° W) in 
Puerto Jimenez. GPS coordinates given for each locality are the average of all samples 
collected at the site. LB and PV are in the Area of Conservation Tempisque (ACT); SR is 
in the Area of Conservation Guanacaste (ACG); RS, PL, PTL, RE, RC and PB are in the 
Area of Conservation Osa (ACOSA). These localities range from large river systems 
(PV, RS, RE and RC), to estuaries (LB, SR) and coastal lagoons (SR, PL, PTL and PB). 
The rainy season on the Pacific coast of Costa Rica begins in late May/early June and 
reaches its height in September and October. The dry seasons runs from January to late 
May. 
 Las Baulas National Park (LB): Las Baulas National Park was formed in 1990 
and includes three beaches (Playa Ventanas, Playa Grande and Playa Langosta) and the 
Tamarindo and San Francisco Estuaries and extends twelve miles offshore. This park is 
in the Area of Conservation Tempisque (ACT). The Tamarindo National Wildlife Refuge 
protects the Tamarindo Estuary, one of the most important wetlands in the Guanacaste 
Province (Frankie et al. 2004). The Tamarindo Estuary is the largest mangrove swamp in 
dry Central America (www.leatherbacktrust.org) covering 440 hectares and is listed on 
the Ramsar list of wetlands of international importance (Boza and Cevo 2001). This 
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brackish coastal environmental is home to five species of mangrove, numerous bird and 
mammal species and the American crocodile. 
 Palo Verde National Park (PV): Palo Verde National Park contains the valley of 
the Tempisque River, the largest hydrological region of Guanacaste measuring 5460 km2 
(Frankie et al. 2004). Twelve different habitats can be found in the park including 
lagoons, freshwater and brackish swamps, mangrove forests, grasslands and dry forests 
(Boza and Cevo 2001). This park is in the Area of Conservation Tempisque (ACT). Palo 
Verde is an important area for resident and migratory birds and contains a large 
population of American crocodiles. The Tempisque River passes through the park. It is 
144 km long and flows from the Orosi Volcano into the Gulf of Nicoya. 
 Santa Rosa National Park (SR): Santa Rosa National Park is located in the Area 
of Conservation Guanacaste (ACG) on the Santa Elena Peninsula, the oldest (85 million 
years) and driest area of the country (Boza and Cevo 2001). ACG was initially 
established to restore the dry forests in the area and protect the neighboring rain forests, 
cloud forests and marine environments (www.acguanacaste.ac.cr). Most of this park 
lies on the Santa Rosa Plateau and includes a variety of habitats including grassland, 
deciduous forest, mesquite-nacasol swamps and mangrove swamps (Boza and Cevo 
2001). The Naranjo Estuary and Laguna el Limbo are located on the beaches of Santa 
Rosa National Park in the Santa Rosa Sector. The lagoon is separated from the estuary by 
approximately 2 km of beach and dry forest.  
 Area of Conservation Osa (ACOSA): This conservation area is found on the 
southwestern peninsula. There are two national parks and numerous wildlife refuges and 
nature reserves in this conservation area. The Terraba-Sierpe National Wetland is made 
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up of the delta of the Terraba and Sierpe Rivers and is the most extensive mangrove 
swamp in the country (Boza and Cevo 2001).  
Crocodiles were surveyed in a mix of lagoons (PTL, PL and PB) and rivers (RE, 
RC and RS) of different sizes and locations in ACOSA (table 1). 
 
Crocodile Survey 
 I conducted nighttime spotlight surveys (Bayliss 1987) in LB, PV, SR, and 
ACOSA (Table 2.1). A LED headlamp and the 12,000 candle power Pelican® Sabrelite 
2000 were used in spotlight surveys.  Surveys were conducted at the beginning of the 
rainy season in SR (2007) and PV (2008 and 2009); throughout the year in LB (2007 – 
2009) and during the end of the dry season in ACOSA (2008 and 2009).  I conducted 
most surveys by boat. However, some environments (SR, LB and PB) enabled me to 
conduct walking surveys. Crocodiles were counted at night by scanning the edges of the 
habitat with a spotlight and looking for the red glow from a crocodile’s eye. Survey 
lengths (Table 2.1) were calculated on ArcMap 9.3.1 using the start and end points of 
each survey. Crocodiles were not counted on the return trip to prevent from counting the 
same animal twice. Not all crocodiles present in a system can be counted due to sampling 
errors (Bayliss 1987). Sampling errors encountered included visibility bias and only 
surveying a proportion of the total available habitat. I conducted a minimum of twelve 
and a maximum of forty surveys in the four main areas studied on the Pacific coast 
(Table 2.1) with an average of 18 surveys per locality. I conducted a minimum of one and 
a maximum of three surveys per river or lagoon within ACOSA (Table 2.2) with an 
average of 2.2 surveys per location. 
17 
 
 
 
17 17 
 I recorded a GPS location, salinity (parts per thousand, ppt), air and water 
temperatures (°C) for all crocodiles observed. Tide measurements were obtained from 
Port Quepos or Punta Renas. All boat surveys in the Naranjo Estuary (SR) were 
conducted during high tide due to difficulty in navigating the water during low tide. I 
conducted walking surveys in the estuary during low tide. I conducted surveys during all 
tide cycles in LB, PV and ACOSA. 
 
Crocodile Capture 
 I attempted to capture all crocodiles that were encountered using the break-away 
snare method (Hutton et al. 1987; Hutton and Woodhouse 1989), snake tongs or by hand. 
I did not have success catching crocodiles using baited snare traps. Crocodiles were 
individually marked by removing caudal scutes in a numbered sequence. This technique 
has been utilized in numerous studies and has not been shown to adversely affect the 
crocodiles (Davis et al. 2001; Dever and Densmore 2001; Gaby et al. 1985; Jennings et 
al. 1991; Kushlan and Mazzotti 1989a; Leslie 1997). The following measurements were 
taken on each captured crocodile: head length to the posterior edge of the supra-occipital 
bone (HL), snout-vent length to the posterior edge of the vent (SVL), total length (TL), 
tail circumference (TC) and mass. I determined the sex of individual crocodiles by 
probing the cloacae. I could not determine sex on all crocodiles. 
 
Data Analysis 
I mapped all crocodile sightings and captures on ArcMap 9.3.1. Evidence of nesting 
activity was recorded by either finding a nest or the presence of hatchlings in the estuary. 
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Crocodiles were separated into four size classes: hatchlings (< 0.5 m), juveniles (0.5 
m to 1.25 m), subadults (1.25 m to 2.25 m) and adults (>2.25 m) (Kushlan and Mazzotti 
1989a). The size class distribution was calculated as the percentage of crocodiles sighted 
or captured in each size class. Individuals that could not be placed into a size class were 
recorded as eyeshine only. I calculated encounter rates as total number of non-hatchling 
crocodiles sighted per km surveyed. Sex ratio was determined for all captured crocodiles 
with a total length greater than 0.75 meters. I compared the total length of crocodiles in 
each size class within and between sites using an analysis of variance (ANOVA). 
 
 
RESULTS 
 I conducted 73 crocodile surveys on the Pacific coast of Costa Rica over 185.8 
total kilometers (Table 2.1; Figures 2.2-2.10). Fifty percent of these surveys were 
conducted in the Tamarindo Estuary, part of Las Baulas National Park; the remainder of 
the surveys was spread between Palo Verde National Park (Tempisque River), Santa 
Rosa National Park (Naranjo Estuary and Laguna el Limbo) and the Area of 
Conservation Osa (Table 2.2). We observed crocodiles in 100% of the surveys. 
 I encountered a total of 763 crocodiles (586 non-hatchling; Table 1) over the 
Pacific coast. The spectacled caiman, Caiman crocodilus, was encountered in ACOSA 
only. 17% of the crocodile encounters in ACOSA were caiman. The remainder was C. 
acutus or eyeshine only. The species of eyeshine only individuals could not always be 
identified. Consequently, greater than 17% of the crocodiles observed here were probably 
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C. crocodilus. Although reported to occur in the Tamarindo Estuary, Las Baulas National 
Park (Boza and Cevo 2001), C. crocodilus was not observed here.  
Over 89% of encountered crocodiles (excluding eyeshine only) were not of 
reproductive size (> 2.25 m; Figure 2.10, Table 2.3). The mean encounter rate over the 
Pacific coast was 3.1 crocodiles km-1 with the highest encounter rate occurring in the 
Area of Conservation Osa (4.3 crocodiles km-1). Encounter rates differed between 
population sites on the Pacific coast of Costa Rica (ANOVA, F = 13.845, p = 0.00) 
presumably indicating that these populations differ in size. 
 I compared the total lengths of all captured individuals between all sites. The total 
length of hatchlings (34.5 ± 3.6 cm) differed between sites (ANOVA, F = 2.4, p = 0.1). 
Hatchlings captured were smaller in SR than in LB and PV. The total length of juveniles 
(75.2 ± 20.7 cm) also differed between sites (ANOVA, F = 1.0, p = 0.4). Juveniles 
captured in ACOSA were smaller than the other sites. Adults (262.4 ± 30.3 cm; ANOVA, 
F = 8.6, p = 0.02) and subadults (171.8 ± 30.0 cm; ANOVA, F = 4.6, p = 0.01) did not 
differ in total length between sites. 
 
Las Baulas National Park (LB) 
I conducted 40 surveys (54.5% of total) in LB over a total of 70 kilometers Table 
2.1). I observed 88 non-hatchling crocodiles at an encounter rate of 1.2 crocodiles km-1. 
The sex ratio of captured non-hatchling crocodiles was approximately 1:2 (males: 
females).  
Individuals ranged in size class from hatchling to adult. Hatchlings were 35.1 ± 
4.5 cm in total length (n = 31); juveniles were 76.7 ± 28.2 cm (n = 23); subadults were 
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186.8 ± 25.3 cm (n = 14); and adults were 238.0 cm ± 8.7 m (n = 4). The largest adult 
encountered was 347 cm. The total length of each size class differed significantly from 
each other (ANOVA, F = 261.8, p = 0). I classified over 60% of the crocodiles 
encountered as hatchlings or juveniles (Figure 2.10, table 2.3). Crocodiles were not 
distributed in the estuary according to size class (Figure 2.2), however hatchlings were 
only found in right branch of the estuary with lower salinity values. The average salinity 
value of hatchling captures and sightings was 9.4 parts per thousand (ppt) while the 
average of all crocodile captures and sightings was 21.8 ppt (ANOVA, F = 40.141, p = 
0.0). The majority of the surveys (39 out of 40) were conducted in the Tamarindo 
Estuary. One survey was also conducted in the San Francisco Estuary to the south. 
Incidental reports indicate that large crocodiles inhabit this estuary. One large (> 3.0 m) 
crocodile was encountered in the San Francisco Estuary.  
 
Palo Verde National Park (PV) 
I conducted 11 surveys (15.1% of total) on the Tempisque River in PV over 44.8 
total kilometers (Table 2.1). I observed 178 non-hatchling crocodiles at an encounter rate 
of 4 crocodiles km-1. The sex ratio of captured non-hatchling crocodiles was 
approximately 2:3 (males: females). 
 Individuals ranged in size from hatchling to adult. Hatchlings were 34.8 ± 3.1 cm 
in total length (n = 32); juveniles were 79.1 ± 15.1 cm (n = 22); subadults were 166.5 cm 
(n = 1); and adults were 291.1 ± 24.6 cm (n = 3). The total length of each size class 
differed significantly from each other (ANOVA, F = 565.2, p = 0). I classified over 55% 
of the encountered crocodiles as hatchlings or juveniles (Figure 2.10, Table 2.3). 
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Crocodiles were not distributed in the estuary according to size class (Figure 2.3). The 
average salinity at all sightings and captures was 1.6 ppt and did not differ between size 
classes (ANOVA, F = 0.312, p = 0.817).  
 
Santa Rosa National Park (SR) 
I conducted 9 surveys (12.3% of the total) in SR over 12.1 total kilometers (Table 
2.1). Surveys were conducted in the Naranjo Estuary and the Laguna el Limbo roughly 
one kilometer to the south (Figure 2.4). I also conducted one survey on Nancite Beach 
approximately one kilometer to the north. A large crocodile (approximately 3.5 meters) is 
known to live here (Shaya Honovar, personal communication). This individual was not 
observed. I observed 43 non-hatchling crocodiles at an encounter rate of 3.7 crocodiles 
km-1. The sex ratio of captured non-hatchling crocodiles was approximately 1:2 (male: 
female).  
 Individuals ranged in size from hatchling to adult. Hatchlings were 32.6 ± 0.6 cm 
(n = 13); juveniles were 79.6 ± 25.7cm (n = 8); and subadults were 144.0 ± 23.5 cm (n = 
5). No adults were captured. The total length of each size class differed significantly from 
each other (ANOVA, F = 77.7, p = 0). I classified over 60% of the encountered 
crocodiles as hatchlings or juveniles (Figure 2.10, Table 2.3). No hatchlings were 
observed in the estuary (Figure 2.4). Juveniles were only encountered in the upper 
reaches of the estuary. All size classes were observed in the Laguna el Limbo (Figure 
2.4), with hatchling only being observed in the right branch. Hatchlings were found in 
lower saline water than other size classes (ANOVA, F = 10.996, p = 0.000). The average 
salinity of the estuary was 5.2 ppt and the average salinity of the lagoon was 0.9 ppt. 
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Osa Conservation Area (ACOSA) 
I conducted 13 surveys (17% of the total) in ACOSA over 58.9 total kilometers 
(Tables 2.1 and 2.2). I conducted surveys in 6 different localities in the conservation area, 
Pejeperrito Lagoon (PTL; Figure 2.6), Pejeperro Lagoon (PL; Figure 2.5), Rio Coto (RC; 
Figure 2.7), Rio Esquinas (RE; Figure 2.8), Rio Sierpe (RS; Figure 2.9) and Parrot Bay 
Lodge (PB). Habitat type ranged from river (RC, RE and RS) to coastal lagoon (PTL, PL 
and PB) to swamp (PB). I observed a total of 277 non-hatchling crocodiles through the 
peninsula with an encounter rate of 4.3 crocodiles km-1. Individual encounter rates ranged 
from 2.9 (RS) to 14.1 (PTL) crocodiles km-1 with non-hatchling crocodile sightings 
ranging from 6 (PB) to 87 (RC). The sex ratio of captured non-hatchling crocodiles was 
approximately 4:11 (male: female). 
 Individuals ranged in size from juvenile to adult. Juveniles were 71.6 ± 17.1 cm 
(n = 35); subadults were 150.5 ± 21.3 cm (n = 3); and adults were 273.7 cm (n = 1). No 
individuals were classified as hatchlings and approximately 46% of C. acutus individuals 
were classified as juveniles. The total length of each size class differed from each other 
significantly (ANOVA, F = 89.8, p = 0). 
 
 
DISCUSSION 
 Few population assessments of Crocodylus acutus have been published from 
Costa Rica. Most published results coming from the central and northern rivers 
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(Barrantes 2008; Bolanos et al. 1996; Murillo 2004; Sasa and Chaves 1992). This study 
was the first to assess the population status of C. acutus in Las Baulas and Santa Rosa 
National Parks.   
 Spotlight surveys found C. acutus to be present in moderate densities compared to 
other crocodilian studies. Crocodiles were sighted on all surveys. Crocodylus acutus 
encounter rates on the Pacific coast of Costa Rica were higher than or comparable to the 
majority of other crocodilian population surveys and on the higher side for other C. 
acutus populations (Table 2.4). Encounter rates are comparable because we standardized 
them per survey. These encounter rates support the hypothesis that the C. acutus 
population within Costa Rica are large (Ross 1998). However, this study only serves as a 
preliminary assessment of the populations included in a study to look at the genetic 
diversity, level of gene flow and landscape genetics (Cotroneo et al unpublished data). 
These populations need to be further characterized to understand the population 
dynamics, size structure and reproductive behavior of C. acutus in Costa Rica.  
 The largest potential threat to C. acutus in Costa Rica is habitat destruction and 
fragmentation. The impact of anthropogenic land use has been shown to adversely affect 
biodiversity in the tropics (Daily et al. 2001; Dale et al. 1994). Hunting and habitat 
alteration pressure has confined C. acutus populations to distinct population centers 
throughout its range (Kushlan 1988). Land use has increased in Costa Rica due to its 
growing urban and rural populations. Land use has intensified within the Central Valley 
and has expanded into more rural areas with deforestation being a key disturbance to the 
natural ecosystems (Veldkamp and Fresco 1997). Crocodiles are dependent on aquatic 
and terrestrial ecosystem for all of their life stages. Shoreline development within Costa 
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Rica could have the following negative impacts on C. acutus populations: nest-site 
destruction, alteration of salinity by the removal of freshwater and the increase in 
environmental contamination. These have been listed as potential limiting factors for the 
Florida population of C. acutus (Kushlan 1988) and could also limit Costa Rican 
crocodile populations. 
 The American crocodile is known to prefer habitats of lower salinity (Kushlan 
and Mazzotti 1989a). My data support this. Crocodiles were encountered in water with 
salinities ranging from 0 to over 50 ppt. However, most encounters occurred in water 
with lower salinities (0 – 5 ppt; 61% of all encounters). Hatchlings were always 
encountered in lower saline environments than the larger size classes with the exception 
of the Tempisque River in Palo Verde National Park. All surveys on the Tempisque River 
were conducted further up river and salinity values of individual encounters did not differ 
significantly between size classes.  
 Crocodiles were encountered at different rates along the Pacific coast of Costa 
Rica (Tables 2.1 and 2.2). The highest encounter rate occurred within the Area of 
Conservation Osa. This value may be skewed however because of the large numbers of 
individuals encountered in the Pejeperrito and Pejeperro Lagoons (Table 2.2). Only a few 
surveys were conducted in each area within ACOSA. Long term population surveys are 
needed in this area to further characterize the population. The highest encounter rate 
within the northwestern province of Guanacaste occurred in the Tempisque River (PV) 
which is known to have a large and healthy crocodile population (Barrantes 2008; 
Murillo 2004; Ross 1998). The majority of crocodiles encountered in each population 
were hatchlings or juveniles (54.9% for the entire Pacific coast). Very few large adult 
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animals (8.1% of total encounters) were observed in Pacific Costa Rica. This is consistent 
with earlier studies (Kushlan and Mazzotti 1989a; Ouboter and Nanhoe 1989) and is 
indicative of a recovering population (Ouboter and Nanhoe 1989). Ouboter and Nanhoe 
(1989) concluded that a population with a size class distribution consisting of few mature 
crocodiles suggested that the population was recovering from past reductions. My size 
class distributions suggest that the crocodile populations on the Pacific coast of Costa 
Rica are recovering. These populations are probably recovering from past bottlenecks the 
resulted from overhunting in the early 20th century. However, further work is needed to 
classify the size structure and growth rates of C. acutus in Costa Rica. 
 I captured a total of 160 crocodiles to verify estimated sizes and collect samples 
for a genetic study. The majority of the crocodiles captured were smaller than 1.5 meters. 
This supports previous observations that larger crocodiles are generally more difficult to 
catch than smaller crocodiles (Ouboter and Nanhoe 1989). Catchability and encounter 
rates were not adversely affected by tides. Previous studies (Ouboter and Nanhoe 1989) 
have indicated difficulty in catching individual crocodiles of all size class as water level 
rises. Tide did not affect our ability to catch and encounter crocodiles. Therefore, effect 
of tidal height should be tested at other locations. 
 The expected sex ratio for wild crocodilian populations is 1:3 (male: female) 
(Barrantes 2008; Murillo 2004). Our observed sex ratios (approximately 1:2; Table 1) did 
not match this expected ratio. Previous studies (Barrantes 2008; Murillo 2004) have also 
observed skewed sex ratios. This skew in sex ratio could affect the population viability 
into the future. Most captured individuals were too small to sex; therefore, our calculated 
sex ratio may not accurately represent what is actually present in Costa Rica. 
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Local distributions of the American crocodile are known to change seasonally 
(Kushlan and Mazzotti 1989a). Crocodiles may move for nesting, feeding or to find new 
territories. Individuals are known to have large over lapping activity areas (Kushlan and 
Mazzotti 1989a). Shoreline development and other anthropogenic effects may limit a 
crocodile’s ability to find proper nesting and feeding areas. The patchy distribution of 
suitable habitat within Costa Rica may make it necessary for crocodiles to migrate. I 
noted during these preliminary surveys that some of the estuaries studied did not have 
suitable nesting habitat. Interviews with local fisherman also supported this observation. I 
have hypothesized that crocodiles move between neighboring estuaries to fulfill different 
needs. For example, only large crocodiles have ever been observed in the San Francisco 
Estuary of Las Baulas Park. It is feasible that adults from the larger Tamarindo Estuary to 
the north are moving to this estuary for feeding. Salinities are also higher in the San 
Francisco Estuary suggesting that this may not be suitable nesting habitat. However, 
hatchlings were observed in the Tamarindo Estuary. It is possible that a similar 
relationship exists between other estuaries and coastal lagoons along the Pacific coast of 
Costa Rica. 
 
Conservation Implications 
 The protection of the American crocodile in Costa Rica is crucial to its continued 
survival. The central location of these populations within the species range makes these 
populations important in their regional management. The ability of individual crocodiles 
to migrate long distances (Kay 2004; Kushlan and Mazzotti 1989b; Read et al. 2007; 
Webb and Messel 1978) illustrates the importance protecting all potential crocodile 
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habitat. Crocodylus acutus habitats have been shown to be linked by gene flow (Cotroneo 
et al unpublished data), indicating that C. acutus populations exist as metapopulations 
along the Pacific coast of Costa Rica. Management of the American crocodile in Costa 
Rica should be aimed at protecting and conserving all populations. Previous genetic work 
(Barrantes 2008; Murillo 2004) also suggested that the crocodile populations in Costa 
Rica exist in a metapopulation structure. This population structure makes it crucial to 
manage crocodile populations as a whole and not separately.  
 My results show that there is potential crocodile nesting habitat in many areas of 
the Pacific coast. The presence of hatchlings in Las Baulas, Santa Rosa and Palo Verde 
National Parks suggested that these areas are important to future breeding efforts. 
Although I did not observe any hatchings in ACOSA, nesting and breeding activities 
were confirmed for many of the areas surveyed (Michael Boston, personal 
communication). It is important to protect all potential and current nesting habitat from 
destruction to ensure the continued existence of American crocodiles in Costa Rica. 
The successful management of crocodiles within Costa Rica will require stronger 
management efforts and increased knowledge of their biology in this portion of their 
range.  
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Table 2.1: Survey details by locality for the Pacific coast of Costa Rica. Habitat type, total numbers of surveys, number of non-
hatchling crocodiles, encounter rate and non-hatchling sex ratio are listed. Mean survey distance (actual distance surveyed) and mean 
crocodile sightings at each site were used to calculate encounter rate (crocodiles km-1). The total column represents the entire Pacific 
coast. 
 Las Baulas National 
Park (LB) 
Palo Verde 
National Park (PV) 
Santa Rosa National 
Park (SR) 
Area of Conservation 
OSA (ACOSA) 
Total 
Habitat Type Mangrove 
Estuary/Swamp 
River Mangrove 
Estuary/Swamp 
Coastal Lagoons, Rivers 
and Swamps 
 
Surveys      
No. 40 11 9 13 73 
% of total 54.5 15.1 12.3 17. 100 
Survey Distance      
Km 70 44.8 12.1 58.9 185.8 
Mean 1.8 4.1 1.3 4.9 2.6 
% of total 37.7 24.1 6.5 31.7 100 
Crocodile Sightings      
Non-hatchling 88 178 43 277 586 
Mean 2.2 16.2 4.8 21.3 8 
% of total 15 30.4 7.3 47.3 100 
Encounter Rate      
Per survey 1.2 4 3.7 4.3 3.1 
Sex Ratio      
Non-hatchling 
(male: female) 
4:9 2:3 1:2 4:11 21:44 
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Table 2.2: Survey details by locality in the Osa Conservation Area. Habitat type, total numbers of surveys, number of non-hatchling 
crocodiles, encounter rate and non-hatchling sex ratio are listed. Mean survey distance (actual distance surveyed) and mean crocodile 
sightings at each site were used to calculate encounter rate (crocodiles km-1). The total column represents the entire conservation area. 
 
 
Pejeperrito 
Lagoon (PTL) 
Pejeperro 
Lagoon (PL) 
Rio Coto 
(RC) 
Rio Esquinas 
(RE) 
Rio Sierpe 
(RS) 
Parrot Bay Lodge 
(PB) 
Total 
Habitat Type Coastal Lagoon Coastal Lagoon River River River Coastal 
Lagoon/Swamp 
 
Surveys        
No. 3 1 2 2 2 3 13 
% of total 23.1 7.7 15.4 15.4 15.4 23.1 100 
Survey Distance        
Km 5 2 17.6 12 19.8 Under 0.5 58.9 
Mean 1.7 2 8.8 6 9.9 0.2 4.5 
% of total 8.5 3.4 29.9 20.4 33.6 0.8 100 
Crocodile 
Sightings 
       
Non-hatchling 72 18 87 40 57 6 277 
Mean 24 18 43.5 20 28.5 2 21.3 
% of total 26 6.5 31.4 14.4 20.6 2.2 100 
Encounter Rate        
Per survey 14.1 9 4.9 3.3 2.9 n/a 4.7 
Sex Ratio        
Non-hatchling 
(male: female) 
0:4 3:1 0:2 0:1 0:1 1:2 4:11 
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Table 2.3: Size class distribution of Crocodylus acutus per locality and for the Pacific coast of Costa Rica (total). Sample sizes (n) per 
site are given in parentheses.  Each population surveyed in the Osa Conservation Area (ACOSA) is also listed separately (PTL, PL, 
RC, RE, RS and PB). 
 LB 
(n=143) 
PV 
(n=276) 
SR 
(n=67) 
ACOSA 
(n=277) 
PTL 
(n=72) 
PL 
(n=18) 
RC 
(n=87) 
RE 
(n=40) 
RS 
(n=57) 
PB 
(n=6) 
TOTAL 
(n=763) 
Hatchling (%) 38.5 35.5 35.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 23.2 
Juvenile (%) 24.5 22.1 25.4 46.6 63.9 61.1 36.8 65.0 19.3 50.0 31.7 
Subadult (%) 21.7 10.9 20.9 10.1 8.3 11.1 11.5 2.5 15.8 16.7 13.5 
Adult (%) 7 9.4 6 7.9 8.3 5.6 6.9 0.0 15.8 33.3 8.1 
Eyeshine Only (%) 8.4 22.1 11.9 35.4 19.4 22.2 44.8 32.5 49.1 0.0 23.5 
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Table 2.4: Encounter rates (crocodiles km-1) of various crocodilian species for comparison with this study. 
Species Encounter 
Rate 
Country Survey Year Reference 
C. acutus 0.35* USA (Florida Bay) 1977-1982 Kushlan and Mazzotti 1989b 
C. acutus 0.28 Belize (coastal) 1996-1997 Platt and Thorbjarnarson 2000b 
C. acutus 1.2 Belize (Turneffe Atoll) 2002 Platt et al 2004 
C. acutus 3.3 Costa Rica (Osa Peninsula) 2004-2005 Boston 2006 
C. acutus 7.78 Columbia (Isla de Salamanca) 2004-2007 Balaguera-Reina and Gonzalez-Maya 2008 
C. acutus 2.9 Costa Rica (Tempisque) 1992-1993 Sanchez et al 1996 
C. acutus 4.5 Costa Rica (Bebedero) 1992-1993 Sanchez et al 1996 
C. acutus 2.28 Cost Rica (Sierpe) 1989-1993 Bolanos et al 1996/1997 
C. acutus 2.33 Costa Rica (Rambla) 1989-1993 Bolanos et al 1996/1997 
C. acutus 1.93 Costa Rica (Nicoya Gulf) 1989-1993 Bolanos et al 1996/1997 
C. acutus 19.1 Costa Rica (Tarcoles) 1989-1990 Sasa 1992 
C. moreletti 1.55 Belize (northern Belize) 1992-1997 Platt and Thorbjarnarson 2000a 
C. moreletti 1.48 Belize (Macal River) 2001-2002 Stafford et al 2003 
C. intermedius 0.087 Venezuela (multiple rivers) 1986-1988 Thorbjarnarson and Hernandez 1992 
C. crocodilus 35.2 Suriname (multiple rivers)  Ouboter and Nanhoe 1989 
C. porosus 1.1 – 3.6 East Malaysia (Klias River) 1987-1988 Stueding et al 1994 
C. niloticus 4.9 South Africa (Lake St Lucia) 1994 Leslie 1997 
C. niloticus 0.093-1.00** Botswana (Okavango Delta) 2002-2006 Bourquin 2008 
C. niloticus 1.193 Ghana (country wide) 2006 Shirley et al 2009 
C. niloticus 0.882 Cote-d’Ivoire (country wide) 2006 Shirley et al 2009 
*encounter rates published as crocodiles per survey hour. 456 survey hours were conducted 
**surveys conducted during high and low water 
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Figure 2.1: Map of survey sites in Costa Rica for the American crocodile, Crocodylus 
acutus. Las Baulas (LB), Palo Verde (PV), Santa Rosa (SR), Rio Sierpe (RS), Pejeperrito 
Lagoon (PTL), Pejeperro Lagoon (PL), Rio Esquinas (RE), Rio Coto (RC) and Parrot 
Bay Lodge (PB). 
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Figure 2.2: Distribution of Crocodylus acutus in the Tamarindo Estuary, Las Baulas 
National Park, Guanacaste, Costa Rica.  
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Figure 2.3: Distribution of Crocodylus acutus in the Tempisque River, Palo Verde 
National Park, Guanacaste, Costa Rica.  
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Figure 2.4: Distribution of Crocodylus acutus in the Naranjo Estuary and Laguna el 
Limbo, Santa Rosa National Park, Guanacaste, Costa Rica. 
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Figure 2.5: Distribution of Crocodylus acutus in the Pejeperro Lagoon, Osa 
Conservation Area, Costa Rica. 
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Figure 2.6: Distribution of Crocodylus acutus in the Pejeperrito Lagoon, Osa 
Conservation Area, Costa Rica. 
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Figure 2.7: Distribution of Crocodylus acutus in Rio Coto, Osa Conservation Area, 
Costa Rica. 
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Figure 2.8: Distribution of Crocodylus acutus in Rio Esquinas, Osa Conservation Area, 
Costa Rica. 
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Figure 2.9: Distribution of Crocodylus acutus in Rio Sierpe, Osa Conservation Area, 
Costa Rica. 
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Figure 2.10: Size class distribution of crocodiles in Pacific Costa Rica. Percent of total 
observed crocodiles in each size class for each site surveyed.  Juveniles comprised the 
majority of crocodiles in all sites where hatchlings were not observed. Size class could 
not be determined for individuals labeled as eyeshine only. Caiman were observed in 
ACOSA and may be included in the eyeshine only counts.   
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CHAPTER 3: CONSERVATION GENETICS AND GENE FLOW IN AMERICAN 
CROCODILE (CROCODYLUS ACUTUS) POPULATIONS ON THE  
PACIFIC COAST OF COSTA RICA 
 
 
ABSTRACT 
Maintaining genetic diversity is crucial to the survival and management of threatened and 
endangered species. In this study I analyzed the genetic diversity and population genetic 
structure of five populations of American crocodiles, Crocodylus acutus (Las Baulas, 
Santa Rosa and Palo Verde National Parks, Rio Tarcoles and Area of Conservation Osa) 
along the Pacific coast of Costa Rica. Nine microsatellites were used to genotype 183 
individuals and investigate genetic diversity and gene flow measures. I found that no 
population was at Hardy-Weinberg Equilibrium over all loci tested and a small to 
moderate amount of inbreeding was present. All populations were significantly 
differentiated from each other with both FST and RST measures of population 
differentiation. There were 2.4 effective migrants per generation along the entire coast. A 
model-based clustering analysis indicated that crocodiles were segregated into three 
populations along the coast. The level of population subdivision supports the presence of 
metapopulations along the Pacific coast of Costa Rica and not one panmictic population. 
An effective management plan that maintains the connectivity between populations is 
critical to the continued success of Crocodylus acutus in Pacific Costa Rica. 
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INTRODUCTION 
 Threatened and endangered species face many challenges including habitat 
fragmentation and destruction, human population growth and loss of genetic variability. 
Conservation biologists have long recognized the importance of maintaining global 
biodiversity in the light of habitat destruction (Erwin 1991). Maintenance of genetic 
diversity is of increasing importance in the preservation of threatened and endangered 
species (Haig 1998; Lacy 1997; Lande 1988; Reed and Frankham 2003; Reed et al. 
2007). Lack of genetic diversity can lead to inbreeding depression (Frankham 1995), 
decreased immunity (O'Brien et al. 1985), decrease in reproductive performance (O'Brien 
et al. 1985; Parker et al. 1991) and eventual extinction (Frankham 2005). Therefore, it is 
important to maintain genetic diversity in wild populations, especially in light of 
management strategies aimed at increasing population viability.  
Effective management strategies of threatened and endangered species require the 
integration of all aspects of the biology of a species, including both demography and 
genetics. Although extinction is primarily a demographic process, genetic variability 
plays an important role in this process (Lacy 1997). Small and fragmented populations 
are more susceptible to genetic drift and inbreeding depression. Genetic processes 
directly affect population demography (Lacy 1997). However, genetics cannot be 
invoked as a last effort. This approach must be implemented before the species become 
critically endangered (Haig 1998). If only 50 individuals remain, demography and habitat 
preservation play a much more important role in the effective management of a species. 
If genetic studies are included in developing management plans early in the recovery 
efforts, then they can provide important information for the recovery of a species. 
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Genetics and demography are certainly not mutually exclusive (Avise 1995). Data from 
both fields need to be considered in the long-term management and recovery of a species. 
In fact “connecting population dynamics and genetics will prove a very useful tool for 
conservation management, provided the genetic data are properly analyzed and 
presented” (Taylor and Dizon 1999). 
 Maintaining effective gene flow between populations is important to prevent 
genetic drift from occurring within the populations (Mills and Allendorf 1996). One 
migrant per generation provides effective gene flow between populations. Yet isolated 
populations of small population size are particularly vulnerable to human influence 
(Ortego et al. 2010). Therefore it is important to define the local and regional genetic 
status of natural populations under anthropogenic pressure (Palsboll et al. 2006) and 
bayesian clustering methods can define population clusters based on genotype data 
(Pritchard et al. 2000). 
 The American crocodile, Crocodylus acutus, is mainly a coastal species ranging 
from the extreme southern tip of Florida, through the Caribbean, Central America and 
northern South America (Mazzotti 1999). Populations range wide are threatened by 
habitat destruction and fragmentation, poaching, and past overexploitation (Mazzotti et 
al. 2007; Ross 1998; Thorbjarnarson et al. 2006). While other crocodilian species have 
been studied extensively in the United States, Australia and Africa, population data for 
the American crocodile are limited throughout much of its range. Determining the status 
and ecology of C. acutus in Costa Rica is a priority project of the IUCN Crocodile 
Specialist Group Action Plan (Ross 1998).  
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 Previous genetic studies have found low levels of genetic variability in 
crocodilians using allozymes (Adams et al. 1980; Gartside et al. 1977; Lawson et al. 
1989; Menzies and Kushlan 1991) and low to moderate levels of genetic variability using 
microsatellites (Davis et al. 2001; de Thoisy et al. 2006; Dever et al. 2002; Ryberg et al. 
2002; Verdade et al. 2002). Rodriguez (2007) recently completed the first comprehensive 
study of C. acutus using microsatellite and mitochondrial DNA markers. He reported that 
hybridization is a significant threat to the genetic integrity of C. acutus and other 
sympatric species in the Crocodylus genus. He also found that crocodile inhabiting the 
manmade environment at Turkey Point Power Plant in Florida exhibited low levels of 
genetic diversity due to inbreeding depression (Rodriguez 2007). Rodriguez emphasized 
the need to further characterize the genetic structure of C. acutus throughout its range. 
In the present study I investigated (1) the genetic structure of C. acutus 
populations along the Pacific coast of Costa Rica (figure 1) and (2) the amount of 
effective migration occurring between populations. There are reports of large populations 
in several areas around Costa Rica. The excellent institutional infrastructure of the 
country makes it an ideal place to study the population structure of C. acutus for 
management and conservation of the species throughout its range. A series of estuaries 
provides suitable crocodile habitat in pockets along the Pacific coast. This makes it 
optimal for studying gene flow between potential metapopulations. Crocodiles are known 
to migrate long distances (Kay 2004; Read et al. 2007; Webb and Messel 1978) and there 
have been anecdotal accounts of C. acutus migrating substantial distances in southern 
Florida. The ability of crocodilians to migrate and disperse long distances increases the 
amount of gene flow that could occur between neighboring or distant populations. It is 
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possible that crocodiles are migrating along the Pacific coast of Costa Rica, thus 
facilitating gene flow between populations. I used microsatellites to test the hypothesis 
that metapopulations exist rather than a continuous, panmictic population. 
 
 
METHODS 
Study Area 
I conducted fieldwork in several locations on the Pacific coast of Costa Rica. I 
sampled 11 localities along the Pacific coast (Figure 3.1): (1) Las Baulas National Park 
(LB; 10.32° N, 85.83° W); (2) Palo Verde National Park (PV; 10.33° N, 85.38° W); (3) 
Santa Rosa National Park (SR; 10.78° N, 85.66° W); (4) Rio Tarcoles (RT; 9.83° N, 
84.63° W); (5) Rio Sierpe (RS; 8.82° N, 83.46° W); (6) Terraba Delta (T; 8.86° N, 83.6° 
W); (7) Pejeperro Lagoon (PL; 8.41° N, 83.38° W); (8) Pejeperrito Lagoon (PTL; 8.44° 
N, 83.43° W); (9) Rio Esquinas (RE; 8.73° N, 83.3° W); (10) Rio Coto (RC; 8.55° N, 
83.1° W); and (11) Parrot Bay Lodge (PB; 8.54° N, 83.3° W). The GPS coordinates 
given for each locality are the average of all samples collected at the site. Sites LB and 
PV are in the Tempisque Conservation Area (ACT); site SR is in the Guanacaste 
Conservation Area (ACG); site RT is in Central Pacific Conservation Area (ACOPAC); 
sites RS, T, PL, PTL, RE, RC and PB are in the Osa Conservation Area (ACOSA). Due 
to low sample size, the populations in ACOSA were grouped as one main population, 
thus providing a total of 5 areas. These localities range from large river systems (PV, RT, 
RS and ACOSA), to estuaries (LB, SR) and coastal lagoons (SR and ACOSA). 
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Sample Collection 
I collected samples at the beginning of the rainy season in SR (2007) and PV 
(2005, 2008 and 2009); throughout the year in LB (2007 – 2009), during the rainy season 
in RT (2005 – 2006) and during the end of the dry season in ACOSA (2006, 2008 and 
2009). I captured crocodiles mainly during spotlight surveys using the break-away snare 
method (Hutton et al. 1987; Hutton and Woodhouse 1989), snake tongs or by hand. 
Blood and/or tissue was collected from 232 indivuals (Appendix A). In samples where a 
large number of hatchlings were captured, five hatchlings were randomly selected using a 
random number selector per site and per year to be included in the genetic analysis. 
Tissue was collected from the caudal scutes during marking and blood was collected 
from the caudal vein or the dorsal sinus. I preserved tissue samples in 95-100% ethanol 
and blood on Whatman FTA Cards for DNA Preservation. 
 
DNA Isolation and Microsatellite Amplificatioin 
I isolated DNA from tissue samples using the DNeasy Blood and Tissue Kit™ 
(Qiagen). The DNA was purified on blood cards with two five-minute washes with FTA 
Purification Reagent (Whatman) and two five-minute washes with Tris-EDTA (TE; 10 
mM Tris-Cl, pH 7.5, 1 mM EDTA) buffer. Each wash consisted of 50 µl of solution. 
I amplified nine microsatellite DNA loci (Table 3.1) using previously 
characterized primers (Dever and Densmore 2001; Fitzsimmons et al. 2001), C391, Cj16, 
Cj18, Cj20, Cj109, Cj131, CU5-123, CUD68 and CUJ131, via polymerase chain reaction 
(PCR). The forward primer of each pair was labeled with a flourescent dye (6-FAM, 
HEX or NED; Applied Biosystems) to allow for the detection and sizing of DNA 
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fragments. The DNA was amplied in 25 µl reactions containing 1.25 units of EconoTaq 
DNA Polymerase (Lucigen), 2.5 µl 10X buffer (100 mM Tris-HCl (pH 9.0), 500 mM 
KCl, 1% Triton X-100, 15 mM MgCl2), 1.0 µl  25 mM MgCl2 (Cj16 and Cj20) or 0.5 µl 
25 mM MgCl2 (all other primers), 1.0 µl of 10 mM dNTP’s (Qiagen), 1.0 µl each forward 
and reverse primer, approximately 100 ng template DNA and purified water to the final 
volume. I amplied the microsatellite DNA according to the following parameters: initial 
denaturation at 94°C for 2 minutes, 33 cycles of 94°C for 1 minute, 58°C, 59°C or 62°C 
(see Table 1) for 1 minute, and 72°C for l minute, and a final extension of 72°C for 10 
minutes. Amplified loci were separated on an Applied Biosystems (ABI) 3730xl Genetic 
Analyzer and sized with LIZ-500 size standard by Genewiz, Inc (www.genewiz.com). 
Genotypes were assigned using PeakScanner 1.0 (Applied Biosystems). 
 
Genetic Diversity 
 Data files were converted to formats supported by the genetic programs using 
CREATE 1.0 (Coombs et al. 2007). Probability of Identity (PI) was estimated using 
GENALEX 6 (Peakall and Smouse 2006) to determine the minimum number of 
microsatellites needed to identify individuals. I measured allelic richness (AR) and the 
number of private alleles (APriv) was calculated with the program HP-RARE (Kalinowski 
2005). I estimated numbers of alleles, allele frequencies and gene diversities with FSTAT 
2.9.3.2 (Goudet 1995). 
Observed versus expected number of heterozygotes were estimated with Genepop 
on the Web (Raymond and Rousset 1995; Rousset 2008). Departure from Hardy-
Weinberg Equilibrium (HWE)  and linkage disequilibrium (LD) were estimated with 
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Genepop on the Web (Raymond and Rousset 1995; Rousset 2008). Departure from HWE 
was tested using an exact test (Guo and Thompson 1992)  and a chi-square goodness of 
fit test with a dememorization number of 10,000, and 1,000 batches of 10,000 iterations 
each. Linkage disequilibrium was tested for all pairs of loci used by the log likelihood 
ratio statistic under the same parameters as HWE.  
Relatedness between individuals was estimated on GenAlEx 6 (Peakall and 
Smouse 2006) using Queller and Goodnight’s estimate of pairwise relatedness (Queller 
and Goodnight 1989).  The mean relatedness in each population was estimated using 
pairwise relatedness and geographic distance for all individuals and hatchlings only. 
Hatchling relatedness was compared per year and over all samples. Weir and 
Cockerham’s (1984) inbreeding coefficient, FIS, was estimated for each population with 
FSTAT 2.9.3.2 (Goudet 1995). 
I calculated Garza and Williamson’s (2001) M-ratio to detect past reductions in 
population size. This statistic is a ratio of the number of alleles present and the range of 
allele sizes possible at a loci. I calculated M-ratios with the following formula: M = k/r, 
where k = the number of alleles, and r = Smax – Smin + 1. The Smax is the size of the largest 
allele and Smin is the size of the smallest allele. A mean M-ratio was calculated over all 
loci for each population. I then compared the mean M-ratio with an M-ratio of 0.68. 
Populations were assumed to have undergone a reduction in population size if their M-
ratio was below this threshold (Garza and Williamson 2001). 
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Population Genetic Structure 
 I used an analysis of molecular variance (AMOVA) to estimate the percentage of 
variance within and among populations with GenAlEx 6 (Peakall and Smouse 2006). 
Population differentiation was estimated for all population pairs using several methods. I 
estimated pairwise FST and RST for each population pair using FSTAT 2.9.3.2 (Goudet 
1995) and Arlequin ver. 3.11 (Excoffier et al. 2005) respectively. The fixation index, FST, 
estimates the amount of genetic differentiation between subpopulations compared to the 
total population and assumes the infinite-allele model (IAM) of mutation (Freeland 2005; 
Wright 1948). The RST is considered a better estimation of population differentiation for 
microsatellite loci because it assumes a stepwise mutation model (SMM) (Slatkin 1995). 
I estimated the effective number of migrants per generation (NM) using the private allele 
method described by Slatkin (1985). Effective number of migrants was estimated for 
each population pair with Genepop on the Web (Raymond and Rousset 1995). 
 I used Mantel’s test to determine the relationship between geographic and genetic 
distance. This test was performed with GenAlEx 6 (Peakall and Smouse 2006) to test for 
the presence of isolation by distance (IBD) between all individuals sampled in all 
populations. The IBD was determined between populations using Mantel’s test between 
populations on Genepop for the Web (Raymond and Rousset 1995; Rousset 2008). Each 
Mantel test was performed with 10,000 permutations. Distances between populations 
were determined using an oceanic route. 
 STRUCTURE 2.3.1 (Pritchard et al. 2000) is a model-based clustering program 
that places individuals in clusters based on their genotype data. I used this program to 
infer the minimum number of C. acutus subpopulations (K) on the Pacific coast of Costa 
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Rica. The program was run with 1,000,000 iterations after an initial burn-in period of 
500,000 iterations for 1 to 8 assumed populations with admixed population model. I ran 
four independent runs for each assumed number of populations under independent and 
correlated allele frequency models. We used the ad hoc statistic described by Evanno et 
al. (2005) to infer the most appropriate K because the log likelihood of the data outputed 
by the program does not always provide an accurate estimate of genetic clusters (Evanno 
et al 2005). 
 
 
RESULTS 
Genetic Diversity 
 The nine microsatellites chosen for this study had an average probability of 
identity (PI) of 4.96E-06 across all five Costa Rican populations. This indicated that there 
was a low probability that two individuals chosen at random will have the same 
genotype. These microsatellites were sufficient for determining genotypes and other 
genetic measures.  
 There were 88 alleles across the 5 C. acutus populations sampled on the Pacific 
Coast of Costa Rica using the 9 microsatellite loci. Allelic richness (AR) and number of 
private alleles (APriv) were corrected to a sample size of 34 genes. The average AR and 
APriv over all loci (Table 3.2) were calculated using the corrected sample size. The AR 
ranged between 4.22 and 5.64 and APriv ranged between 0.27 and 1.36 in the sampled 
populations (Table 3.2). Allele frequencies for each microsatellite locus ranged from 0 to 
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0.882 (Table 3.3). The average gene diversity for all loci ranged between 0.51 and 0.64 in 
each sampled population (Table 3.4). 
 Expected heterozygosity (HE) and observed heterozygosity (HO) were estimated 
for each microsatellite locus in each sampled population (Table 3.5). No population was 
at Hardy-Weinberg Equilibrium (HWE) over all nine microsatellite loci tested. Site LB 
was not in HWE over loci Cj16, Cj109 and Cj131; site SR was not in HWE equilibrium 
over loci C391 and CU5-123; site ACOSA was not in HWE over loci C391, Cj18, Cj20, 
Cj109, CU5-123 and CUD68; PV was not in HWE over loci Cj18, Cj109, Cj131, CU5-
123, CUD68 and CUJ131; and RT was not in HWE over loci Cj18, Cj20 and CUD68. 
Each population exhibited a deficiency in heterozygotes for at least one microsatellite 
locus (Table 3.5). All p-values were adjusted to allow for multiple comparisons. 
 Linkage disequilibrium (LD) tests were performed to investigate the distribution 
of the 9 microsatellite loci for C. acutus populations on the Pacific coast of Costa Rica. 
Pairwise comparisons were performed for each population. A total of 10 pairwise 
comparisons were significant (p = 0.05). Only 4 pairs were significant (p = 0.05) when 
treating the entire Pacific coast as one population. This indicated that LD did not play a 
strong role in the 9 microsatellites tested. 
 The mean relatedness of each population (Figure 3.2a) indicated that individuals 
sampled in LB, SR and RT were more closely related than individuals sampled in 
ACOSA and PV.  Sites LB, SR and RT had a coefficient of relatedness of approximately 
0.27, or at the level of a half-sibling and grandparent and grandchild. There was a much 
lower coefficient of relatedness in ACOSA and PV at 0.072 and 0.036 respectively. 
Hatchlings in LB and SR were more closely related than hatchlings in PV in each season 
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they were sampled (Figure 3.2b). Some inbreeding was observed in each population 
(Table 3.4). 
 Garza and Williamson’s (2001) M-ratio (Table 2) indicated that all localities 
sampled experienced a reduction in population size in the past. The M-ratio in each 
population was below the defined threshold of 0.68 (Garza and Williamson 2001). 
 
Population Genetic Structure 
 An analysis of molecular variance estimated that 19% of the variation was found 
between populations while 81% of molecular variance was found within individual 
populations. This suggests that individual populations were genetically diverse. 
Population differentiation was measured between all population pairs using FST and RST. 
All population pairs where significantly differentiated (p = 0.05) using both measures of 
population differentiation (Table 3.6). I observed the least amount of differentiation 
between ACOSA with LB and SR and the most differentiation between LB with SR and 
RT. 
 I estimated the effective number of migrants between populations on the Pacific 
coast of Costa Rica (Table 3.7) using the private allele method (Slatkin 1985). The largest 
number of effective migrants was between ACOSA and PV with approximately 3 
migrants per generation. The smallest number of effective migrants was observed 
between LB and RT with approximately 0.4 migrants per generation.  
 No isolation by distance was observed between all sampled individuals in all 
populations or between populations on the Pacific coast of Costa Rica (Figure 3.3). 
Isolation was not found to be the driving force behind gene flow.  
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 A model-based clustering analysis was used to group populations according to 
their genetic structure. Individuals along the entire coast were clustered (Figure 3.1) and 
ad hoc statistics were calculated (Figure 3.4), which supported three populations on the 
Pacific coast under both the independent and correlated allele frequency models (Figure 
3.5). The main clusters could be broken down into the following populations (1) LB, (2) 
ACOSA and (3) RT, SR and PV. 
 
 
DISCUSSION 
Genetic Diversity 
 The nine microsatellites chosen in this study identified individuals and provided 
data on genetic structure of the C. acutus populations along the Pacific coast of Costa 
Rica. Average heterozygosity of crocodiles along the Pacific coast of Costa Rica was 
0.57. This heterozygosity was slightly higher than or comparable to that in other 
crocodilian populations (Davis et al. 2001; de Thoisy et al. 2006; Dever et al. 2002; 
Glenn et al. 1998; Rodriguez et al. 2008; Verdade et al. 2002). Heterozygosities were 
much higher than those measured using allozymes in crocodilian populations (Adams et 
al. 1980; Gartside et al. 1977; Lawson et al. 1989; Menzies and Kushlan 1991). Higher 
heterozygosities are expected in microsatellites than allozymes during to their nature of 
mutation. However, several individual loci did have lower heterozygosity values in this 
study. Mutation rates at these loci (e.g. Cj131 in all Costa Rican populations) may be 
lower than other loci. Lower mutation rates would result in lower gene diversities. 
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 All populations showed at least a small amount of inbreeding. Sites LB, SR and 
RT were all more closely related than expected. This may have been because we captured 
few individuals that had exceeded minimum breeding size. Although only five hatchlings 
per site and year were included in the genetic analysis, the larger number of juveniles 
could have swamped the genetic data and skewed the results. Relatedness values between 
hatchlings (Figure 3.2) indicated that the smaller localities had a higher relatedness. Las 
Baulas and Santa Rosa National Parks probably support fewer adults in the populations 
(supported by survey data; Cotroneo et al. unpublished data) than Palo Verde National 
Park. The presence of fewer adults in Las Baulas and Santa Rosa makes sense since these 
are much smaller areas than the Tempisque River in Palo Verde National Park. Smaller 
areas would be able to support fewer adult crocodiles. Therefore, more nests should be 
laid in Palo Verde. This was also supported by the low relatedness values observed in 
Palo Verde National Park. No population was in Hardy-Weinberg Equilibrium for all 
microsatellite loci. This was due to heterozygote deficiency observed at the loci that were 
not in HWE. Hardy-Weinberg Equilibrium states that allele frequencies in a population 
remain constant unless a disturbing force, e.g. mutation, natural selection, migration or 
emigration, is introduced (Freeland 2005). However, this is an ideal state and is rarely 
observed in nature; therefore it provides a good baseline for measuring genetic change 
against. The departure of the crocodile populations in Pacific Costa Rica from HWE 
suggested that a disturbing force was causing changes at the genetic level. Since 
microsatellites are neutral markers and not subject to natural selection we can rule out 
this disturbing force. The highly mobile nature of crocodilians (Kay 2004; Read et al. 
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2007; Webb and Messel 1978) could be introducing genetic changes within Pacific Costa 
Rican populations and causing the departure from HWE. 
 My results suggest that each population is evolving independently of the others. 
Each Costa Rican population had a private allele over at least one of the microsatellite 
loci studied (Table 3.3). The Garza-Williamson Index (M-ratio; Table 2; Garza and 
Williamson 2001) for each population was lower than the threshold ratio of 0.68. Based 
on this, we assumed that all populations underwent a previous reduction in population 
size. Crocodylus acutus populations declined range wide through the mid-20th century as 
a result of hunting and illegal poaching (Ross 1998). Population bottlenecks lead to the 
rapid loss of rare alleles. These results in the loss of the total number of alleles faster than 
a loss in overall heterozygosity (Ortego et al 2010). However, the observed 
heterozygosity values and relatively low to moderate levels of inbreeding in larger 
systems suggested that the populations are recovering from this past bottleneck. The C. 
acutus populations on the Pacific coast of Costa Rica could be recovering from hunting 
and poaching pressures experienced in the past. These populations will continue to 
recover with increased protection. 
 
Population Genetic Structure 
 All population pairs exhibited significant genetic differentiation, with all but two 
population pairs (Las Baulas and ACOSA, and Santa Rosa and ACOSA) showing 
moderate differentiation from each other (RST < 0.05). These RST and FST values indicate 
that there was a moderate level of subdivision within populations and that there was gene 
flow occurring between populations. Crocodiles are mobile on land and C. acutus has 
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been observed swimming at sea. The highly mobile nature of crocodiles could be 
facilitating gene flow between populations along the Pacific coast. Previous studies 
indicated the long-distance migration potential of crocodilians. Crocodylus porosus 
hatchlings migrated small distances (1 km) immediately following hatching and moved 
further distances as they aged (Webb and Messel 1978). Larger individuals in that study 
dispersed further distances (up to 66 km), with females migrating longer distances than 
males. A second study (Kay 2004) showed individuals moving similar distances. We 
estimated there to be 2.4 effective migrants per generation between all populations 
sampled on the Pacific coast of Costa Rica. These observations support the ability of C. 
acutus to move between localities, which would allow for gene flow. The number of 
effective migrants per generation varied between population pairs. A certain amount of 
connectively and gene flow is required to maintain genetic diversity in populations (Mills 
and Allendorf 1996; Wang 2004). One-migrant-per-generation is needed to prevent 
genetic drift from occurring between populations. Most population pairs of crocodiles in 
this study, with the exception of Santa Rosa with Las Baulas and Rio Tarcoles and Las 
Baulas with Rio Tarcoles, met this minimum threshold. Genetic drift may have been 
occurring between individual populations but was probably not occurring along the entire 
Pacific coast. There are no mark-recapture data available to support this level of gene 
flow. Dispersal studies need to be conducted on C. acutus in Costa Rica to determine 
their maximum home ranges and dispersal abilities. 
 A comparison of genetic and geographic distances did not support isolation by 
distance (Figure 3.3). Crocodiles do not seem to be migrating solely through oceanic 
corridors (Table 3.7). It is possible that C. acutus used smaller streams, waterways and 
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overland routes to move between more isolated populations (i.e. Las Baulas or Santa 
Rosa and Palo Verde National Parks). A landscape genetic approach needs to be utilized 
to look at the presence of geographic features that could be facilitating gene flow (Manel 
et al. 2003). The larger river systems (PV, RT and ACOSA) could be acting as source 
populations and stand as a stepping stone for migration between more isolated 
populations (Maruyama 1969). 
 The model-based clustering analysis (Pritchard et al. 2000) supported the 
presence of three main clusters along the Pacific coast. Individuals from ACOSA 
clustered mainly as one population, while individuals from LB clustered as a second. The 
remainder of the populations (SR, PV and RT) seemed to group together. This lack of 
more defined structure further supports that gene flow was occurring between 
neighboring and distant populations. The extent to which crocodiles in Las Baulas 
National Park are isolated from other populations needs to be investigated. 
 
Conservation Implications 
 The data presented here supported the presence of multiple C. acutus populations 
on the Pacific coast of Costa Rica. However, these populations were interconnected 
through migration and effective gene flow. It is important to manage and maintain all 
crocodile locations because all sampled populations had unique alleles over at least one 
microsatellite locus. This suggests that crocodile populations on the Pacific coast of 
Costa Rica are evolving separately from each other. Since the populations are moderately 
diverse and distinct from each other, the loss of even one population will result in the loss 
of overall genetic diversity in the Pacific populations. It is also crucial to maintain 
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interconnecting habitat that could be important for nesting or feeding behavior. 
Maintaining connections between populations will enable gene flow to continue and 
prevent future genetic drifts and bottlenecks in individual populations. 
 The level of population subdivision supported the presence of metapopulations 
along the Pacific coast of Costa Rica and not one panmictic population. However, 
effective migration has maintained connectivity between populations and has prevented 
genetic drift. This highlighted the need to write management plans across conservation 
areas and national parks in Costa Rica. This also emphasized the need for conservation 
and management units to extend the entire reach of a species range. We need to have a 
thorough understanding of the population genetic structure of crocodiles in Costa Rica to 
create effective management plans. 
 Bayesian clustering analysis suggested that the crocodile populations from Las 
Baulas was isolated from other populations. The large level of development at this site 
could be preventing crocodiles from dispersing long distances to other populations. The 
natural geography of this area may also be influencing the genetic structure. The 
Tamarindo Estuary is located within a basin and is surrounded by a small mountain 
range. This may be preventing crocodiles from dispersing overland. Large adults can 
swim readily in the ocean. Juveniles will face other challenges, such as strong currents 
and predators, in the ocean and may not be able to survive a long ocean migration. 
Therefore, the juveniles would be more likely to disperse through intermediary habitats. 
This makes it crucial to protect all potential crocodile habitat along the coast from further 
fragmentation and development. The genetic structure of more crocodile populations 
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along the coast surrounding Las Baulas National Park needs to be studied to understand 
the extent and cause of the isolation. 
 Santa Rosa and Palo Verde National Parks are separated by a considerable 
oceanic route, but a short distance over land (Figure 3.1). However these populations 
clustered together and gene flow was observed between them. Crocodiles could leave 
Santa Rosa National Park and travel south for 15 kilometers to the Culebra Bay. The 
Tempisque River is only five kilometers from this bay. This area may be flooded during 
the rainy season and provide easy access to the Tempisque River and the crocodile 
population residing in Palo Verde National Park. This route could explain the level of 
gene flow observed between Santa Rosa and Palo Verde National Parks and the 
clustering of these populations together. This highlights the importance of protecting all 
potential crocodile habitat along the Pacific coast of Costa Rica. 
 An increase in human development and population will cause an increase in the 
isolation of populations due to habitat fragmentation. Increased habitat fragmentation 
could result from development of the shoreline. It is critical to minimize shoreline 
development in important crocodile habitat.  
  
61 
 
 
61 61 
 
 
 
Table 3.1: Microsatellite loci utilized to study the population genetics of the American 
crocodile, Crocodylus acutus, on the Pacific coast of Costa Rica. 
Primer Dye Expected Size Range Annealing Temperature (°C) 
C391 1 6-FAM 148 – 156 58 
Cj16 1 HEX 132 – 164 59 
Cj18 1 6-FAM 201 – 205 58 
Cj20 2 NED 167 – 201 59 
Cj109 2 6-FAM 370 – 404 62 
Cj131 1 HEX 210 – 216 58 
CU5-123 1 HEX 206 – 231 58 
CUD68 1 HEX 122 – 126 58 
CUJ131 1 NED 175 – 187 58 
1 Fitzsimmons et al., 2001 and 2 Dever and Densmore, 2001a 
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Table 3.2: Genetic variability estimates for Crocodylus acutus populations on the Pacific 
coast of Costa Rica.  
Sample Site Code N AR APriv M-ratio 
Area of Conservation Tempisque ACT     
Las Baulas National Park LB 46 4.31 0.37 0.31 
Palo Verde National Park PV 54 5.19 0.58 0.29 
      
Area of Conservation Guanacaste ACG     
Santa Rosa National Park SR 17 4.22 0.3 0.3 
      
Central Pacific Conservation Area ACOPAC     
Rio Tarcoles RT 17 4.22 0.27 0.21 
      
Area of Conservation Osa ACOSA 49 5.64 1.36 0.29 
N = sample size 
AR = allelic richness 
APriv = number of private alleles 
M-ratio = Garza-Williamson index 
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Table 3.3: Allele frequencies for each locus in each Crocodylus acutus population 
studied on the Pacific coast of Costa Rica. The number in parenthesis indicates the 
sample size in that location. 
Locus Allele LB (46) SR (17) PV (54) RT (17) ACOSA (49) 
C391 139 0 0 0.009 0 0 
 141 0.022 0 0.093 0.088 0.02 
 143 0.011 0 0 0 0 
 147 0.022 0.029 0 0 0 
 149 0.065 0.059 0.028 0 0.041 
 151 0.033 0.206 0.037 0 0.02 
 153 0.728 0.559 0.611 0.794 0.602 
 155 0.022 0.029 0 0 0.031 
 157 0 0.029 0.167 0.088 0.265 
 159 0 0 0.009 0 0 
 161 0 0.088 0.046 0.029 0.01 
 163 0.098 0 0 0 0.01 
Cj16 151 0 0 0 0 0.031 
 153 0 0.676 0.287 0.765 0.551 
 155 0 0 0.009 0 0.041 
 157 0 0 0 0 0.01 
 173 0 0 0.009 0.029 0 
 175 0.13 0.029 0.093 0.176 0.02 
 183 0 0 0.019 0 0.071 
 185 0.696 0.147 0.537 0 0.224 
 187 0.163 0.147 0.046 0.029 0.051 
 189 0.011 0 0 0 0 
Cj18 195 0 0 0 0 0.02 
 197 0.011 0 0 0 0 
 199 0.054 0 0.157 0.088 0.071 
 201 0.739 0.029 0.231 0.147 0.133 
 203 0 0 0 0.176 0.041 
 205 0 0 0 0 0.01 
 215 0.043 0 0 0 0.163 
 217 0.054 0.059 0.046 0.029 0.112 
 219 0.011 0.206 0.111 0.088 0.01 
 221 0.054 0 0.019 0 0.041 
 223 0.033 0.706 0.389 0.471 0.204 
 225 0 0 0.037 0 0.031 
 227 0 0 0 0 0.092 
 229 0 0 0.009 0 0.071 
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Table 3.3 (continued): Allele frequencies for each locus in each Crocodylus acutus 
population studied on the Pacific coast of Costa Rica. The number in parenthesis 
indicates the sample size in that location. 
Locus Allele LB (46) SR (17) PV (54) RT (17) ACOSA (49) 
Cj20 168 0.011 0 0 0 0.031 
 170 0.022 0.059 0.019 0.029 0.02 
 172 0.054 0.265 0.296 0.206 0.51 
 174 0.75 0.618 0.491 0.206 0.143 
 176 0 0.029 0.037 0.118 0 
 178 0.163 0.029 0.074 0.412 0.245 
 186 0 0 0.046 0 0 
 196 0 0 0 0 0.051 
 200 0 0 0 0.029 0 
 206 0 0 0.019 0 0 
 212 0 0 0.019 0 0 
Cj109 364 0 0 0.065 0.029 0 
 366 0.054 0.176 0.343 0.412 0.214 
 368 0.511 0.324 0.194 0.059 0.551 
 370 0.141 0.235 0.231 0.471 0.204 
 372 0 0.029 0.037 0.029 0.01 
 374 0.293 0.235 0.12 0 0.01 
 376 0 0 0.009 0 0 
 378 0 0 0 0 0.01 
Cj131 209 0 0.029 0 0 0 
 211 0.087 0 0.019 0.059 0.061 
 213 0.141 0.059 0.194 0.176 0.143 
 215 0.696 0.882 0.769 0.765 0.724 
 217 0.065 0.029 0 0 0.051 
 219 0.011 0 0.019 0 0 
 231 0 0 0 0 0.02 
CU5-123 218 0 0 0.01 0 0.013 
 220 0 0 0.029 0 0 
 222 0.011 0 0 0 0 
 224 0.189 0 0.279 0 0.079 
 226 0.744 0.971 0.519 0.618 0.605 
 228 0.033 0.029 0.106 0 0.026 
 230 0.022 0 0.01 0 0 
 232 0 0 0 0 0.066 
 234 0 0 0.048 0.382 0.211 
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Table 3.3 (continued): Allele frequencies for each locus in each Crocodylus acutus 
population studied on the Pacific coast of Costa Rica. The number in parenthesis 
indicates the sample size in that location. 
Locus Allele LB (46) SR (17) PV (54) RT (17) ACOSA (49) 
CU5-123 218 0 0 0.01 0 0.013 
 220 0 0 0.029 0 0 
 222 0.011 0 0 0 0 
 224 0.189 0 0.279 0 0.079 
 226 0.744 0.971 0.519 0.618 0.605 
 228 0.033 0.029 0.106 0 0.026 
 230 0.022 0 0.01 0 0 
 232 0 0 0 0 0.066 
 234 0 0 0.048 0.382 0.211 
CUD68 105 0 0 0 0 0.031 
 121 0 0 0 0 0.02 
 123 0.054 0 0.009 0 0.051 
 125 0.261 0.294 0.389 0.029 0.173 
 127 0.348 0 0.139 0.147 0.367 
 129 0.337 0.412 0.231 0.353 0.265 
 131 0 0 0.231 0.471 0.092 
 133 0 0.294 0 0 0 
CUJ131 141 0.011 0 0 0 0 
 155 0 0 0.019 0.059 0 
 171 0.272 0.088 0.009 0.265 0 
 175 0 0 0.009 0 0.01 
 179 0.011 0.059 0.009 0 0.02 
 181 0.337 0.5 0.389 0.059 0.582 
 183 0 0 0.028 0 0.031 
 185 0.37 0.353 0.528 0.618 0.357 
 187 0 0 0.009 0 0 
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Table 3.4: Gene diversities at each microsatellite loci in each Crocodylus acutus 
population studied on the Pacific coast of Costa Rica. 
 LB SR PV RT ACOSA 
C391 0.46 0.66 0.59 0.36 0.57 
Cj16 0.48 0.51 0.62 0.39 0.64 
Cj18 0.45 0.47 0.76 0.74 0.89 
Cj20 0.41 0.57 0.67 0.76 0.66 
Cj109 0.64 0.78 0.78 0.62 0.62 
Cj131 0.49 0.22 0.37 0.39 0.45 
CU5-123 0.41 0.06 0.65 0.49 0.59 
CUD-68 0.70 0.68 0.73 0.66 0.76 
CUJ131 0.68 0.64 0.57 0.55 0.54 
Average 0.52 0.51 0.64 0.55 0.64 
FIS 0.09 0.18 0.14 0.11 0.17 
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Table 3.5: Expected heterozygosity (HE) and observed heterozygosity (HO) for 
microsatellite loci in Crocodylus acutus populations on the Pacific coast of Costa Rica.  
 LB 
N = 46 
SR 
N = 17 
PV 
N = 54 
CP 
N = 17 
ACOSA 
N = 49 
Locus HE HO HE HO HE HO HE HO HE HO 
C391 0.46 0.52 0.65 0.35* 0.59 0.57 0.36 0.35 0.57 0.53* 
Cj16 0.48 0.28* 0.51 0.53 0.62 0.59 0.39 0.47 0.64 0.65 
Cj20 0.41 0.61 0.56 0.35 0.67 0.59 0.75 0.41* 0.66 0.63 
Cj131 0.49 0.48 0.22 0.24 0.37 0.43* 0.39 0.35 0.45 0.47* 
Cj18 0.45 0.41 0.47 0.53 0.76 0.70* 0.73 0.41* 0.89 0.80* 
Cj109 0.64 0.59* 0.78 0.65 0.78 0.67* 0.62 0.76 0.61 0.39* 
CU5-123 0.40 0.37* 0.06 0.06 0.62 0.33* 0.49 0.53 0.45 0.29* 
CUD68 0.70 0.54* 0.68 0.65 0.73 0.46 0.65 0.35* 0.76 0.39* 
CUJ131 0.68 0.67 0.63 0.41* 0.57 0.61 0.56 0.76 0.54 0.51 
*heterozygosity deficiency 
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Table 3.6: Population differentiation between all Crocodylus acutus population pairs 
along the Pacific coast of Costa Rica using RST (above 0 line) and FST (below 0 line).  
 LB SR ACOSA PV RT 
LB --- 0.66*+ 0.04*+ 0.23*+ 0.65*+ 
SR 0.19*+ --- 0.04 0.18*+ 0.11 
ACOSA 0.15*+ 0.1*+ --- 0.10*+ 0.06 
PV 0.1*+ 0.08*+ 0.07*+ --- 0.24*+ 
RT 0.24*+ 0.14*+ 0.10*+ 0.10*+ --- 
Bolded numbers: significant at p=0.05 
*significant at p=0.01 
+significant at p=0.001 
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Table 3.7: Number of migrants (NM) between Crocodylus acutus populations on the 
Pacific coast of Costa Rica.  
 LB SR PV RT ACOSA 
LB ---     
SR 0.58 ---    
PV 1.84 1.38 ---   
RT 0.39 0.49 1.14 ---  
ACOSA 0.99 1.05 2.97 1.57 --- 
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Figure 3.1: Map of collection sites in Costa Rica of the American crocodile, Crocodylus 
acutus. Las Baulas (LB), Palo Verde (PV), Santa Rosa (SR), Rio Tarcoles (RT), Rio 
Sierpe (RS), Terraba Delta (T), Pejeperrito Lagoon (PTL), Pejeperro Lagoon (PL), Rio 
Esquinas (RE), Rio Coto (RC) and Parrot Bay Lodge (PB).  
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Figure 3.2: Mean relatedness (r) in (A) each sampled population and (B) hatchlings in 
each site and year collected. 
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Figure 3.3: Mantel test for isolation by distance between a) individual crocodiles and b) 
populations. No isolation by distance occurred.  
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Figure 3.4: ad hoc statistics for inferring the most appropriate number of Crocodylus 
acutus populations on the Pacific coast of Costa Rica.  
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Figure 3.5: Crocodylus acutus populations in Costa Rica cluster into three main subpopulations, (1) LB (red), (2) ACOSA 
(blue) and (3) RT, SR and PV (green). 
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CHAPTER 4: LANDSCAPE GENETICS OF THE AMERICAN CROCODILE, 
CROCODYLUS ACUTUS, ON THE PACIFIC COAST OF COSTA RICA 
 
 
ABSTRACT 
 Delimiting population subunits has become increasingly important in 
management and conservation biology. The American crocodile, Crocodylus acutus, is a 
wide ranging species that is listed as endangered throughout much of its range. It is now 
critical to determine population clusters and permeability of landscape features between 
these clusters when writing management plans for threatened and endangered species. 
This study was conducted to investigate the influence of geographic features on gene 
flow between 11 C. acutus populations along the Pacific coast of Costa Rica. I utilized 9 
microsatellite loci to study the landscape genetics of 183 individuals. I found no isolation 
by distance over a straight line, coastline or a cost distance (using GIS technologies) 
along streams. These distances only explained up to 11% of the genetic differentiation 
observed between population pairs. I identified three main population clusters using 
Bayesian clustering analysis. Las Baulas National Park was isolated from other sampled 
populations with little migration occurring from or to this population. Santa Rosa 
National Park was a second population cluster. This cluster received a large number of 
migrants (approximately 30% of the population) from Palo Verde National Park. The 
remainder of the populations (Palo Verde, Rio Tarcoles and Osa Conservation Area) 
clustered together. Palo Verde was a major source population for the coast. Rio Sierpe 
was the major source population for the Osa Conservation Area. Geographic and genetic 
distances were significantly positively correlated up to 2.9 km in Pacific Costa Rican 
76 
 
 
crocodile populations. We conclude that crocodile populations along the Pacific coast of 
Costa Rica should be treated as subunits of one genetically interactive population. The 
crocodile population in Las Baulas is of particular concern because of its isolation. 
Management plans should cross conservation areas of Sistema Nacional de Areas de 
Conservacion (SINAC) to account for the effective dispersal observed between 
populations. 
 
 
INTRODUCTION 
 Landscape features and their permeability are important factors to consider when 
defining management plans. Landscape ecology looks at the relationship between 
landscape features and the biology of a species (Coulon et al. 2006) and supplies 
important information for creating management plans (Moritz 1994). Preserving 
connectivity between populations is vital in the conservation and survival of threatened 
and endangered of species (Taylor et al. 1993). The importance of genetic structure in 
defining management units is well recognized. It is critical to maintain genetic diversity 
to ensure species survival into the future and to include genetics in prioritizing areas for 
species conservation (Meffe 1986; Moritz 1994; O'Brien 1994; Oyler-McCance et al. 
2005). 
Assessments of demography and genetics allows the definition of population 
subunits in the creation of management plans (Lande 1988). Landscape genetics is an 
emerging discipline that combines landscape ecology with the genetic structure of 
populations. Detailed information on how landscape features characterize population 
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structure is crucial to understanding gene flow and local adaptations (Manel et al. 2003). 
Combining genetics and landscape features helps to resolve population structure at 
varying geographic scales (Smouse and Peakall 1999) Understanding the connectivity 
between populations is critical when conserving species across fragmented habitats. 
Landscape connectivity is defined as ‘the degree to which a landscape facilitates or 
impedes movement among resource patches’ by Taylor et al (1993). The use of landscape 
genetics allows conservation biologists to evaluate a mosaic of landscape features and 
their effects on gene flow between species. Landscape genetics has been studied in 
mammals (Antolin et al. 2006; Perez-Espona et al. 2008), birds (Petren et al. 2005), 
amphibians (Spear et al. 2005), fish (Leclerc et al. 2008) and plants (Hirao and Kudo 
2004; Sork and Smouse 2006) and reptiles (Branch et al. 2003; Moore et al. 2008; 
Sheridan 2010). 
 The genetic diversity at neutral markers, i.e. microsatellites, is often studied to 
determine the connectivity between populations. Spatial distribution of neutral genetic 
diversity across landscapes is controlled by barriers to dispersal (Galarza et al. 2009). 
Identifying these barriers will assist in the creation of effective management plans that 
facilitate gene flow between populations and prevent genetic drift from occurring. 
 The American crocodile, Crocodylus acutus, ranges from the southern tip of 
Florida, through the Caribbean and along the Pacific and Caribbean coasts of Central and 
South America (Thorbjarnarson et al. 2006). Crocodylus acutus prefers habitats of low 
salinity (Kushlan and Mazzotti 1989) and is found in coastal lagoons, estuaries and even 
further inland along major rivers (Platt and Thorbjarnarson 2000). Hunting and over-
harvesting severely depleted crocodile populations during the 20th century. As a result, C. 
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acutus was listed on the United States Endangered Species Act (1973) and Appendix I of 
the Convention on International Trade in Endangered Species of Wild Fauna and Flora 
(CITES) 1979 and is recognized as vulnerable by the International Union for the 
Conservation of Nature and Natural Resources (IUCN) Red Book. Populations continue 
to be threatened by habitat destruction and fragmentation, poaching and past 
overexploitation (Mazzotti et al. 2007; Ross 1998 ; Thorbjarnarson et al. 2006). Past 
reductions in population size could affect the genetic structure of C. acutus. The ability of 
crocodiles to migrate long distances (Kay 2004; Read et al. 2007; Webb and Messel 
1978) probably enhances gene flow between geographically proximate and separated 
populations. Therefore, there is a need to further characterize the genetic structure of this 
species as suggested by Rodriquez (2007) who completed the first comprehensive study 
of the genetic structure of C. acutus using microsatellite DNA. 
The objective of this study was to investigate the influence of geographic features 
on gene flow between Crocodylus acutus populations along the Pacific coast of Costa 
Rica. I genotyped individuals from 11 areas at nine microsatellite loci to study the 
landscape genetics of crocodiles in Pacific Costa Rica. The genetic structure of the 
populations was previously characterized (Cotroneo et al. unpublished data) by grouping 
crocodiles from the Osa Conservation Area (ACOSA) as one population due to a small 
sample size. Significant genetic differentiation was found between the Costa Rican 
crocodile populations. However, no isolation by distance was observed. In the present 
study, I treated all populations individually to investigate the effect of landscape features 
on the genetic migration among populations. A metapopulation structure of crocodile 
populations in Costa Rica was previously proposed using randomly amplified 
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polymorphic DNA (RAPD) (Barrantes 2008; Murillo 2004). This study was conducted to 
investigate the presence of metapopulations, groups of spatially separated but interacting 
populations, and to delineate the most probable route of genetic dispersal using 
microsatellites.  
 
 
METHODS 
Study Area 
I conducted fieldwork in 11 locations on the Pacific coast of Costa Rica (Figure 
4.1): (1) Las Baulas National Park (LB; 10.32° N, 85.83° W); (2) Palo Verde National 
Park (PV; 10.33° N, 85.38° W); (3) Santa Rosa National Park (SR; 10.78° N, 85.66° W); 
(4) Rio Tarcoles (RT; 9.83° N, 84.63° W); (5) Rio Sierpe (RS; 8.82° N, 83.46° W); (6) 
Terraba Delta (T; 8.86° N, 83.6° W); (7) Pejeperro Lagoon (PL; 8.41° N, 83.38° W); (8) 
Pejeperrito Lagoon (PTL; 8.44° N, 83.43° W); (9) Rio Esquinas (RE; 8.73° N, 83.3° W); 
(10) Rio Coto (RC; 8.55° N, 83.1° W); and (11) Parrot Bay Lodge (PB; 8.54° N, 83.3° 
W). The GPS coordinates given for each locality are the average of all samples collected 
at the site. Sites LB and PV are in the Tempisque Conservation Area (ACT); site SR is in 
the Guanacaste Conservation Area (ACG); site RT is in Central Pacific Conservation 
Area (ACOPAC); sites RS, T, PL, PTL, RE, RC and PB are in the Osa Conservation 
Area (ACOSA). 
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Sample Collection  
I collected samples at the beginning of the rainy season in SR (2007) and PV 
(2005, 2008 and 2009), throughout the year in LB (2007 – 2009), during the rainy season 
in RT (2005-2006) and during the end of the dry season in ACOSA (2006, 2008 and 
2009). I captured crocodiles mainly during spotlight surveys using the break-away snare 
method (Hutton et al. 1987; Hutton and Woodhouse 1989), snake tongs or by hand. 
Blood and/or tissue were collected from 183 indivuals (Appendix A). In samples where a 
large number of hatchlings were captured, 5 hatchlings were randomly selected per site 
and per year to be included in the genetic analysis. Tissue was collected from caudal 
scutes during marking and blood was collected from the caudal vein or the dorsal sinus. I 
preserved tissue samples in 95-100% ethanol and blood on Whatman FTA Cards for 
DNA Preservation. 
 
DNA Isolation and Microsatellite Amplification  
I isolated DNA from the tissue samples using the DNeasy Blood and Tissue Kit™ 
(Qiagen). The DNA was purified on blood cards with two five-minute washes with FTA 
Purification Reagent (Whatman) and two five-minute washes with Tris-EDTA (TE; 10 
mM Tris-Cl, pH 7.5, 1 mM EDTA) buffer. Each wash consisted of 50 µl of solution. 
I amplified 9 microsatellite DNA loci using previously characterized primers 
(Dever and Densmore 2001; Fitzsimmons et al. 2001), C391, Cj16, Cj18, Cj20, Cj109, 
Cj131, CU5-123, CUD68 and CUJ131, via polymerase chain reaction (PCR). The 
forward primer of each pair was labeled with a flourescent dye (6-FAM, HEX or NED; 
Applied Biosystems) to allow for the detection and sizing of DNA fragments. The DNA 
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was amplied in 25 µl reactions containing 1.25 units of EconoTaq DNA Polymerase 
(Lucigen), 2.5 µl 10X buffer (100 mM Tris-HCl (pH 9.0), 500 mM KCl, 1% Triton X-
100, 15 mM MgCl2), 1.0 µl  25 mM MgCl2 (Cj16 and Cj20) or 0.5 µl 25 mM MgCl2 (all 
other primers), 1.0 µl of 10 mM dNTP’s (Qiagen), 1.0 µl each forward and reverse 
primer, approximately 100 ng template DNA and purified water to the final volume. We 
amplied microsatellite DNA according to the following parameters: initial denaturation at 
94°C for two minutes, 33 cycles of 94°C for one minute, 58°C, 59°C or 62°C (see table 
1) for one minute, and 72°C for one minute, and a final extension of 72°C for 10 minutes. 
Amplified loci were separated on an Applied Biosystems (ABI) 3730xl Genetic Analyzer 
and sized with LIZ-500 size standard by Genewiz, Inc (www.genewiz.com). Genotypes 
were assigned using PeakScanner 1.0 (Applied Biosystems). 
 
Spatial Genetic Structure 
 I used bayesian statistics to estimate the rate of recent migration between sampled 
populations. We used BayesAss+1.3 (Wilson and Rannala 2003) to estimate these rates 
with individual multilocus genotypes. This program assumes Hardy-Weinberg 
Equilibrium (HWE) and unlinked markers within clusters (Excoffier and Heckel 2006).
 I ran this program under the following parameters: 3,000,000 iterations with a 
sampling frequency of 2,000 and a burn-in of 999,999. The delta value for allele 
frequency, migration rate and level of inbreeding were set at 0.15 as given by Wilson and 
Rannala (2003). I also used the program to identify potential source and sink populations 
along the Pacific coast. BayesAss+1.3 calculated the probability that an individual was in 
its source population with a time point (t) of 0, was a migrant (t=1) or the offspring of a 
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migrant and non-migrant (t=2). Then I examined each population to determine the 
proportion of crocodiles that were native, migrants or of mixed ancestry. 
The genetic similarity between the sampled populations in Costa Rica (Cotroneo 
et al. unpublished data) was estimated using both Weir’s FST (Wright 1948) and RST 
(Slatkin 1995). The statistical relationship between genetic similarity and geographic 
distance was estimated under the parameters of isolation by distance (IBD). I used 
Mantel’s test to determine the relationship between geographic and genetic distance. This 
test was performed with GenAlEx 6 (Peakall and Smouse 2006) to test for the presence 
of isolation by distance (IBD) between all individuals sampled in all populations. I 
estimated IBD between populations using Mantel’s test between populations on Genepop 
for the Web (Raymond and Rousset 1995; Rousset 2008). Each Mantel test was 
performed with 10,000 permutations. I compared genetic similarity between populations 
over three geographic distances between populations. First, I estimated the relationship 
using a straight-line distance between population pairs. This distance was the shortest 
route, by land and/or water between populations. Next, the distance between populations 
was determined using an oceanic route along shore-line. Finally, distance between 
population pairs was calculated over the shortest route using branching rivers, coastline, 
ocean and land (see below, least-cost distance analysis with Geographic Information 
Systems). These three geographic distances were used to try to determine the most 
probable route of gene flow between crocodile populations and to help identify 
geographic barriers that prevented gene flow. 
Spatial autocorrelation is a statistical test that estimates the relationship between 
two or more spatial variables. This statistic has been used in numerous genetic studies to 
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investigate the relationship between genetic relatedness and geographic distance 
(Epperson and Allard 1989; Slatkin and Arter 1991; Smouse and Peakall 1999; Sokal and 
Wartenberg 1983). Spatial autocorrelation was estimated for Pacific Costa Rican C. 
acutus populations using GenAlEx 6.2 (Peakall and Smouse 2006) for individual 
populations and all populations combined. The number of permutations and bootstraps 
were set at 9,999. 
Spatial autocorrelation was used to test for a spatial signal generated by multiple 
loci across different geographic scales (Slatkin and Arter 1991; Smouse and Peakall 
1999; Sokal and Wartenberg 1983). It was estimated within individual areas, across 
conservation areas in the Guanacaste Province, across the Osa Peninsula Conservation 
area, and along the entire Pacific coast. This relationship was not tested at site PB 
because all crocodiles were captured in the same location or at sites RT and T because 
GPS coordinates for genotyped crocodiles were not available. The resulting spatial 
autocorrelation coefficient, r, was the measure of genetic similarity between individuals 
within a certain distance class. Significant spatial genetic structure was inferred if r fell 
outside of the 95% confidence intervals. Positive autocorrelation was tested under the 
hypothesis of limited dispersal in all populations. Significant spatial genetic structure is 
inferred when the bootstrap 95% confidence interval does not straddle 0 and when the 
value of r decreases with increasing distance class. 
I used the R package Geneland (Guillot et al. 2005a; Guillot et al. 2005b) to infer 
the total number of population clusters and geographic discontinuities between them. 
Individuals were assigned to clusters to create populations in Hardy-Weinberg and 
linkage equilibrium. The model calculated by this program inferred and located genetic 
84 
 
 
discontinuities between populations using geo-referenced information and Monte Carlo-
Markov Chain (MCMC) algorithms. First, I performed 10 independent runs to infer k, the 
number of populations. I allowed k to vary between 1 and 10 populations under the 
following parameters: 500,000 iterations, no uncertainty associated with spatial 
coordinates and an uncorrelated frequency model. 
Next, I performed 100 independent runs with the number of populations (k, 
determined above) and the other parameters constant. I then calculated the mean 
logarithm of posterior probability of data (PPD) for each of the runs and continued with 
the 10 runs that had the highest PPD. I post-processed these runs with a burn-in of 50,000 
to obtain population membership for each individual (see Coulon et al. 2006; Fontaine et 
al. 2007 for more details). I set the number of pixels on the X axis to 380 and on the Y 
axis to 500 during the postprocess. I used the generated maps of posterior probability to 
locate geographic discontinuities between populations. These discontinuities were then 
compared to a map of Costa Rica to locate potential geographic barriers to gene flow. 
Genetic differentiation between the proposed populations was estimated on Geneland 
(Guillot et al. 2005a; Guillot et al. 2005b).  
 
 
Least-cost Distance Analysis with Geographic Information Systems (GIS) 
I combined GIS techniques with population genetic analysis to quantify the effect 
of streams, rivers and the coastline on C. acutus gene flow. I calculated the average 
latitude and longitude of crocodile sightings in each site and mapped them in ArcMap 
9.3.1 (ESRI). Digitized maps of the streams and rivers of Costa Rica were obtained by 
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converting a map of SRTM-derived stream order for Costa Rica (EROS 2005) to raster 
format at a resolution of 0.0009 (i.e., 0.0009 decimal degrees per cell). I calculated least-
cost distance matrixes by treating the maps as a grid and assigning costs for a crocodile to 
pass that grid. All cells were assigned a value of 1 if they did not contain the landscape 
feature of interest. Cells containing the coastline, streams or rivers were assigned values 
< 1 or > 1 to determine if the landscape served as a gene flow facilitator or barrier. (see 
(Perez-Espona et al. 2008) for more details). I then used the ArcMap CostDistance tool to 
calculate the total cost of traveling between two localities with six arbitrary cost values 
(0.001, 0.01, 0.1, 10, 100 and 1000). I hypothesized that the streams and rivers would 
facilitate gene flow between localities. Cost distance was then compared to genetic 
differentiation (RST) using a Mantel test (see above). We chose the cost distance that gave 
us the highest r2 value assuming that this cost distance maximized the relationship 
between genetic differentiation and the landscape features tested.  
 
 
RESULTS 
Spatial Genetic Structure 
 I estimated a recent mean non-migration rate of 0.833 (95% confidence intervals 
0.675 – 0.992) and a migration rate of 0.0167 (95% confidence intervals 2.61E-12 – 
0.114) among the 11 localities sampled on the Pacific coast using BayesAss+ 1.3 (Wilson 
and Rannala 2003). The ranges of the confidence intervals for migration and non-
migration rate were similar indicating that there were not enough data to support the rate 
of migration calculated by the program. This probably was due to the small sample size 
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for some populations in ACOSA (namely PB and RC). When ACOSA was grouped as 
one population, I calculated the same mean non-migration rate of 0.833 (null hypothesis, 
95% confidence intervals 0.675 – 0.992) and a migration rate of 0.0417 (confidence 
intervals 1.79E-05 – 0.185). Therefore, the data was sufficient enough to support the 
results when grouping ACOSA as one population because the ranges of the confidence 
intervals were not similar. I calculated pairwise contemporary migration routes from and 
to the 5 population pairs (LB, PV, SR, RT and ACOSA). Mean migration rates ranged 
from 0.004 to 0.28 (Table 4.1). Approximately 97 – 99% of individuals were labeled as 
non-migrant (i.e. belonging to the assigned source population) in sites LB, PV and 
ACOSA. Approximately 68% of individuals were assigned to SR and RT as nonmigrants. 
Individual population assignments identified potential source and sink populations 
along the Pacific coast. Source and sink populations were identified considering all 11 
sampled populations. Larger sample sizes were needed in some ACOSA populations to 
further quantify these results. The majority of individuals from populations LB, RS, PV 
and RT were assigned to their source populations. Individuals from the remainder of the 
populations (SR, T, PTL, PL, PB, RE and RC) were primarily assigned to another source 
as first or second generation migrants. Most of the migrants into SR came from PV and 
into PTL, PB, PL from RS (Figure 4.2). Migrants into RE and RC came from PV and RS. 
Migrants into T came mainly from RS and RT with a small proportion coming from PV. 
Site PV was found to be a source for many crocodile populations along the Pacific coast 
(Figure 4.2). Site RS was a source for populations in the Osa Conservation Area 
(ACOSA; Figure 4.2). Site RT provided a small source for T (Figure 4.2). Site LB was 
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isolated from other populations with only a few first and second generation migrants 
from PV. 
 I investigated isolation by distance (IBD) over a straight-line distance (Figure 
4.3A; p = 0.069) and for the shortest distance between 2 populations along the coastline 
(Figure 4.3B; p = 0.057).  No isolation by distance occurred for crocodile populations 
sampled in Pacific Costa Rica. However, this is not a complete negation of IBD for these 
two distances since they are very close to the cutoff value of 0.05. Regression analysis 
suggested that 9% of genetic differentiation was explained by the straight line distance 
and 7% of genetic differentiation was explained by the coast line distance between 
population pairs. The relationship between geographic and genetic distance was stronger 
along a coastline route, suggesting that crocodiles were utilizing the coast for migration 
between populations. 
 Significant autocorrelation was observed along the entire coast up to a geographic 
distance of 2.9 km (Figure 4.4A). All populations had significant spatial genetic structure 
at distances ranging from 0.5 to 4.4 km (Table 4.2, Figure 4.4B). Populations within 
Guanacaste (LB, SR and PV) had significant spatial structure up to 12.19 km (Table 4.2, 
Figure 4.5A). Populations in the Osa Peninsula (PTL, PL, RS, RC and RE) had 
significant spatial structure up to 31.79 km (Table 4.2, Figure 4.5B). These results further 
supported grouping the ACOSA populations as one for some of the analysis. 
The spatially explicit Bayesian clustering algorithm used in Geneland (Guillot et 
al. 2005a; Guillot et al. 2005b) identified 3 populations clusters in each of the 10 
independent runs (Figure 4.7). The first cluster consisted of individuals from LB, the 
second of individuals from ACOSA, RT and PV, and the third cluster was comprised of 
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individuals from SR (Figure 4.8). No obvious geographic barriers were identified 
between these population clusters. 
Pairwise genetic differentiation (FST) between the proposed populations ranged 
from 0.07 to 0.19 (Table 4.3). There was significant differentiation between all 
population pairs. The inbreeding coefficient (FIS) in cluster 1 was 0.1, in cluster 2 was 
0.21 and in cluster 3 was 0.18.  
 
Least-Cost Distance Analysis with Geographic Information Systems (GIS) 
Pejeperrito (PTL) and Pejeperro (PL) lagoons were treated as a single population 
for the least-cost distance analysis because they were not significantly differentiated (RST 
= 0.02, p = 0.26). I assessed gene flow along stream and river routes by assigning 
different costs to a raster containing the streams on ArcMap 9.3.1. Cost distances were 
calculated assuming streams facilitated gene flow (cost = 0.001, 0.01 and 0.1) and 
impeded gene flow (cost = 10, 100 and 1000). No significant relationship was found 
between genetic differentiation and cost distance for any of the assigned costs (Figure 
4.6). The p value of the mantel test ranged from 0.08 (cost = 0.001) and 0.96 (cost = 
1000). Regression analysis (r2) suggested that between 0.7% (cost = 100) and 11% (cost 
= 1000) of the genetic differentiation can be explained by the cost distance along streams 
between population pairs. 
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DISCUSSION 
 The results of this study indicated that C. acutus populations were not isolated by 
distance along the Pacific coast of Costa Rica. The Mantel test suggests that the strongest 
relationship between genetic differentiation and geographic distance occurred when 
streams were given the highest cost and crocodiles were assumed to use a mixture of 
streams and ocean for migration. However, the strongest statistical relationship was along 
a coastline migration route. This suggested that crocodiles dispersed along multiple 
routes. However, these mixed routes only explained 3% to 11% of the genetic variation 
observed (Figures 6D-F). The genetic structure among Pacific Costa Rican populations 
may be explained by a stepping stone model. Individuals in natural populations are 
distributed unevenly across a landscape and can exchange genetic information with 
neighboring populations (Kimura and Weiss 1964). Migration occurred at a low rate 
between populations because the stream and river network within Costa Rica did not 
facilitate or impede gene flow between populations. Dispersing through the ocean did not 
compensate for the lack of river connectivity between populations. 
 The microsatellite loci analysis in this study enabled us to identify potential 
metapopulations and source and sink populations along the Pacific coast. Bayesian 
clustering analysis separated the populations into three groups to create populations in 
Hardy-Weinberg and linkage equilibrium. Las Baulas and Santa Rosa National Parks 
each formed their own cluster. The remainder of the populations (Palo Verde, Rio 
Tarcoles, and all of ACOSA) clustered together. Las Baulas National Park was isolated 
from the other sampled populations (Figure 4.2 and 4.8; Table 4.1). Over 99% of the 
individuals genotyped from this population were genetically assigned to Las Baulas. 
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Migration to and from Las Baulas was minimal due to limited routes of dispersal. There 
was a barrier to gene flow surrounding that population, however this barrier could not be 
definitively identified.  
Palo Verde National Park was a source population for numerous sites along the 
Pacific coast. Nearly all individuals collected from that site (98%; Table 4.1) were 
assigned to their source population. Palo Verde was a source for Santa Rosa and Rio 
Tarcoles as well as some of the individual rivers samples in ACOSA (Figure 4.2). The 
crocodile population in Palo Verde was the least differentiated from other populations 
(Cotroneo et al. unpublished data), which further supports Palo Verde as a source 
population. The crocodile population in the Tempisque River (situated within Palo 
Verde) is one of the largest C. acutus populations in Costa Rica (Cotroneo et al. 
unpublished data; (Barrantes 2008; Murillo 2004). It has several large adults that are 
likely to breed and produce future generations. The juveniles of these matings could 
move between populations and spread their genes as they searched for their own territory. 
The crocodile population at this site provided a genetic source for Santa Rosa, Rio 
Tarcoles and ACOSA (Rio Esquinas and Rio Coto; Figure 4.2). Roughly 30% of the 
crocodile populations in Santa Rosa and Rio Tarcoles are first generation migrants or the 
offspring of migrants and non-migrants. This suggested that crocodiles were readily 
moving from Palo Verde into the other sites. Cost distance analysis suggested that the 
least costly route between Palo Verde and Santa Rosa was via streams and rivers within 
Guanacaste. Crocodiles could leave Santa Rosa National Park and travel south for 15 
kilometers to the Culebra Bay. The Tempisque River is only five kilometers from this 
bay. This area may be flooded during the rainy season and provide easy access to the 
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Tempisque River and the crocodile population residing in Palo Verde National Park. This 
route could explain the level of gene flow observed between Santa Rosa and Palo Verde 
National Parks and the clustering of these populations together. This highlights the 
importance of protecting all potential crocodile habitat along the Pacific coast of Costa 
Rica. 
Within ACOSA, site Rio Sierpe provides the major genetic source. This is a large 
river that empties into the Pacific Ocean and had access to numerous smaller tributaries 
for dispersal within the peninsula. It was a source for the Terraba Delta, Pejeperrito 
Lagoon, Pejeperro Lagoon and Parrot Bay Lodge (Figure 4.2). Rio Tarcoles provided a 
small source for individuals in the Terraba Delta. However, the majority of the migrants 
into this delta were from the neighboring Rio Sierpe.  
 As expected, my analysis indicated that the larger rivers and habitats were source 
populations to the smaller estuaries and streams. Contemporary migration rates were low, 
but gene flow was still occurring between populations. Only 1 migrant per generation is 
needed between populations to prevent negative consequences of genetic drift (Mills and 
Allendorf 1996). If ACOSA was grouped as one population, this minimal rate was being 
met between most population pairs. The major exceptions were between Las Baulas and 
Santa Rosa, Las Baulas and Rio Tarcoles, and Rio Tarcoles and Santa Rosa. This 
supported the Bayesian clustering analysis that separated Las Baulas and Santa Rosa 
from the other populations and the isolation of Las Baulas. Genetic drift was not 
occurring in the crocodile population on the Pacific coast of Costa Rica. However, 
crocodiles in Las Baulas may begin to suffer from genetic drift from some of the 
populations if isolation of this population continues. 
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 All populations exhibited significant positive genetic structure. Smaller lagoons 
and estuaries exhibited positive spatial correlations over short distances. Spatial distance 
and genetic differentiation were positively correlated over longer distances in larger 
rivers. This suggested that crocodiles were using large portions of their habitats. Spatial 
autocorrelation in individual sites was consistent with home ranges calculated for 
crocodiles in other studies. Previous studies show that juvenile crocodiles disperse farther 
than other size classes (Magnusson and Lima 1991; Tucker et al. 1997). Larger adults are 
intolerant of intermediate size classes. Consequently juveniles and subadults disperse 
from their natal sites in search of their own territories. Once crocodiles are reproductively 
active, they tend to stay within smaller home ranges (Hutton 1989; Magnusson and Lima 
1991; Tucker et al. 1997). This pattern of dispersal may explain the gene flow between 
crocodile populations along the Pacific coast of Costa Rica. Juveniles and subadults 
could be dispersing to new populations, while adults are more territorial. Crocodiles were 
positively spatially autocorrelated over distances of up to approximately 2.9 km over the 
entire Pacific coast. This indicated that the relationship between genetic differentiation 
and geographic distance was stronger in individual sites than between sites. This further 
suggests that adults are territorial and are breeding with individuals that can be found 
close to their territories. However, the levels of gene flow and genetic differentiation 
suggest that some crocodiles are also dispersing for breeding purposes. This was further 
supported by the lack of isolation by distance. Genetic differentiation does not increase 
with increasing distance.  
Spatial autocorrelation was stronger within regions (e.g. Guanacaste and ACOSA) 
than along the entire coast. Genetic differentiation and spatial distance were positively 
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correlated up to approximately 12 km within Guanacaste (LB, SR and PV; Table 4.2), 
while in ACOSA they were positively correlated up to almost 32 km. This suggested that 
crocodiles were moving more freely between populations in ACOSA than they were in 
Guanacaste. The ACOSA peninsula consists of numerous wetlands and rainforests. This 
creates more effective migration routes and allowed for easier dispersal between sites 
within ACOSA. As a result, crocodile populations were less differentiated from each 
other and treated as one population. The isolation of Tamarindo Estuary (Las Baulas 
National Park) in Guanacaste caused the lack of positive correlation at greater distances. 
More sites should be studied within Guanacaste to further quantify the extent of gene 
flow between populations within this region. Las Baulas may be isolated because the only 
connection to other populations is through the ocean. Other small populations in 
Guanacaste may be similarly isolated. 
 
Conservation Implications 
 My data support the presence of three main crocodile population clusters along 
the Pacific coast of Costa Rica. However, individuals are moving between populations; 
therefore all potential crocodile habitat should be managed and protected. Intermediate 
habitats between the larger source populations (Palo Verde, Rio Tarcoles and Rio Sierpe 
in this study) provide essential foraging areas and dispersal routes for juvenile crocodiles. 
Juvenile crocodiles cannot go into the ocean as readily as adults because of strong 
currents and predators; therefore continued existence of these habitats is crucial for the 
continued persistence of crocodiles in Costa Rica. This study further supports the need to 
write management plans across the entire range of the species. A management plan in 
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Costa Rica should manage crocodiles across their population clusters which occur in 
different conservation areas of Sistema Nacional de Areas de Conservacion (SINAC). 
Therefore, despite their isolation, Las Baulas and Santa Rosa should not be managed 
separately from the remainder of the coastal populations. These populations could be 
connected through other small estuaries and rivers located along the coast. It is important 
to maintain habitat linkages and manage all potential crocodile habitat along the Pacific 
coast of Costa Rica. 
 The dry forests of Costa Rica were deforested at alarming rates until the early 
1970’s for agriculture and cattle grazing (Boza 1993). Since then, the national park 
system has been developed and large tracks of land are now protected for conservation 
purposes. Costa Rica currently protects greater than 25% of its country in conservation 
areas and national parks. The national park system in Costa Rica provides islands of 
habitats in a landscape of agriculture and urbanization (Ramirez 2004). Although 
crocodiles are able to successfully breed in altered environments (Gaby et al. 1985), 
human growth and development in Costa Rica may be adversely affecting crocodile 
populations. Continued habitat destruction will further isolate crocodile populations due 
to habitat fragmentation. The continued deforestation could further limit crocodile 
dispersal since some of the populations (i.e. Santa Rosa National Park) appear to use an 
overland route for dispersal. It is critical for crocodiles to be able to disperse freely 
between habitat areas to maintain genetic diversity within and between populations. Las 
Baulas National Park protects one of the largest estuaries in dry Pacific Central America 
(Tamarindo Estuary; (Spotila and Paladino 2004). However, this park is home to an 
isolated crocodile population. The Tamarindo Estuary had the most developed land of 
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any of the sites that we studied. This high level of development may be preventing 
crocodiles from effectively dispersing to and from this site. The natural geography of this 
region (i.e. mountains surrounding the estuary) could also explain its isolation. 
Crocodiles in other coastal population in Guanacaste need to be genotyped to determine 
the extent to which the Las Baulas population is isolated from other populations on the 
Pacific coast of Costa Rica.  
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Table 4.1: Mean migration rate ± standard deviation (95% confidence intervals) among 
crocodile populations in Pacific Costa Rica. Values along the diagonal (bold) indicate the 
proportion of non-migrant individuals per generation. 
 Migration Rate from 
To LB PV SR RT ACOSA 
LB 
(n = 45) 
 
0.99 ± 0.01 
(0.96 – 0.99) 
0.004 ± 0.007 
(4.46E-7 – 
0.03) 
0.002 ± 0.004 
(1.45e-6 – 
0.01) 
0.002 ± 0.003 
(2.78E-7 – 
0.01) 
0.002 ± 0.004 
(7.1E-7 – 
0.01) 
PV 
(n = 54) 
 
0.01 ± 0.02 
(3.88E-6 – 
0.06) 
0.98 ± 0.02 
(0.92 – 0.99) 
0.002 ± 0.004 
(1.47E-6 – 
0.01) 
0.002 ± 0.004 
(6.43E-7 – 
0.01) 
0.005 ± 0.007 
(1.41E-6 – 
0.02) 
SR 
(n = 17) 
 
0.009 ± 0.01 
(1.56E-5 – 
0.04) 
0.28 ± 0.05 
(0.08 – 0.3) 
0.69 ± 0.05 
(0.67 – 0.9) 
0.009 ± 0.01 
(1.6E-5 – 
0.05) 
0.009 ± 0.01 
(1.24E-5 – 
0.04) 
RT 
(n = 17) 
 
0.009 ± 0.01 
(2.05E-5 – 
0.04) 
0.28 ± 0.03 
(0.22 – 0.32) 
0.009 ± 0.01 
(3.15E-5 – 
0.04) 
0.68 ± 0.02 
(0.67 – 0.73) 
0.01 ± 0.02 
(3.87E-5 – 
0.06) 
ACOSA 
(n = 49) 
0.005 ± 0.007 
(6.39E-6 – 
0.03) 
0.01 ± 0.02 
(1.39E-5 – 
0.06) 
0.004 ± 0.005 
(4.1E-6 – 
0.02) 
0.004 ± 0.005 
(2.84E-6 – 
0.02) 
0.97 ± 0.02 
(0.93 – 0.99 
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Table 4.2: Spatial genetic structure of crocodile populations along the Pacific coast of 
Costa Rica. Significant spatial genetic structure was observed up until the distance listed 
in each population.  
Site Distance (km) 
Pacific Costa Rica* 2.89 
Guanacaste ** 12.19 
Osa Peninsula*** 31.79 
Las Baulas National Park 2.77 
Santa Rosa National Park 0.72 
Palo Verde National Park 2.94 
Pejeperrito Lagoon 0.89 
Pejeperro Lagoon 0.53 
Rio Sierpe 4.35 
Rio Coto 2.91 
Rio Esquinas 1.68 
*all populations 
**LB, SR and PV 
***PL, PTL, RS, RC and RE 
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Table 4.3: Pairwise genetic differentiation (FST) between proposed population clusters on 
the Pacific coast of Costa Rica. Cluster 1 includes individuals from LB; cluster 2 includes 
individuals from ACOSA, PV and RT; and cluster 3 includes individuals from SR. 
 Cluster 1 Cluster 2 Cluster 3 
Cluster 1 ----   
Cluster 2 0.11* ----  
Cluster 3 0.19* 0.07* ---- 
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Figure 4.1: Map of collection sites in Costa Rica of the American crocodile, Crocodylus 
acutus. Las Baulas (LB), Palo Verde (PV), Santa Rosa (SR), Rio Tarcoles (RT), Rio 
Sierpe (RS), Terraba Delta (T), Pejeperrito Lagoon (PTL), Pejeperro Lagoon (PL), Rio 
Esquinas (RE), Rio Coto (RC) and Parrot Bay Lodge (PB).  
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Figure 4.2: Direction of gene flow between populations along the Pacific coast of Costa 
Rica. Sites PV, RT and RS were source populations and site LB was isolated from other 
populations with minimal migration from PV. 
  
101 
 
 
 
 
 
A. 
 
B. 
 
Figure 4.3: Isolation by distance (IBD) of Pacific Costa Rica Crocodylus acutus 
populations along (A) the straight-line distance between populations and (B) the shortest 
distance along the coastline. No isolation by distanced was found in the sampled 
populations. 
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Figure 4.4: Spatial structure analysis for crocodile populations in Costa Rica in (A) the 
Pacific coast (B) individual populations. Significant spatial structure was found up to 
2.89 km along the coast and 0.53 – 4.35 for individual populations. 
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B. 
 
Figure 4.5: Spatial autocorrelation in (A) Guanacaste, Costa Rica (northwest province; 
sites LB, SR and PV) and (B) the Osa Peninsula, Costa Rica (southwest province; sites 
PV, PTL, RS, RC and RE). Significant spatial structure was found up 12.19 and 31.79 
km respectively in Guanacaste and the Osa Peninsula. 
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Figure 4.6: Isolation by distance relationship of crocodile populations along the Pacific 
coast of Cost Rica. Streams were assigned varying cost to determine if they facilitated or 
impeded gene flow. No significant relationship was obtained between genetic 
differentiation and cost distance suggested that crocodiles are not migrating solely based 
on the presence or absence of fresh water. Streams were assumed to facilitate gene flow 
in graphs A, B and C at a cost of 0.001 cost (p = 0.08), 0.01 (p = 0.23) and 0.1 (p = 0.18), 
respectively; and to inhibit gene flow in graphs D, E and F at a cost of 10 (p = 0.22), 100 
(p = 0.82) and 1000 (p = 0.96), respectively. 
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Figure 4.6 continued: Isolation by distance relationship of crocodile populations along 
the Pacific coast of Cost Rica. Streams were assigned varying cost to determine if they 
facilitated or impeded gene flow. No significant relationship was obtained between 
genetic differentiation and cost distance suggested that crocodiles are not migrating 
solely based on the presence or absence of fresh water. Streams were assumed to 
facilitate gene flow in graphs A, B and C at a cost of 0.001 cost (p = 0.08), 0.01 (p = 
0.23) and 0.1 (p = 0.18), respectively; and to inhibit gene flow in graphs D, E and F at a 
cost of 10 (p = 0.22), 100 (p = 0.82) and 1000 (p = 0.96), respectively. 
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Figure 4.6 continued: Isolation by distance relationship of crocodile populations along 
the Pacific coast of Cost Rica. Streams were assigned varying cost to determine if they 
facilitated or impeded gene flow. No significant relationship was obtained between 
genetic differentiation and cost distance suggested that crocodiles are not migrating 
solely based on the presence or absence of fresh water. Streams were assumed to 
facilitate gene flow in graphs A, B and C at a cost of 0.001 cost (p = 0.08), 0.01 (p = 
0.23) and 0.1 (p = 0.18), respectively; and to inhibit gene flow in graphs D, E and F at a 
cost of 10 (p = 0.22), 100 (p = 0.82) and 1000 (p = 0.96), respectively. 
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Figure 4.7: Number of crocodile population clusters in Pacific Costa Rica estimated by 
Geneland. 
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Figure 4.8: Maps of individual assignments to clusters by Geneland for k = 3 (scale is in 
decimal degrees). The plots represent assignment of individuals to each cluster: (1) LB 
cluster; (2) ACOSA, PV and RT cluster; and (#) SR cluster. Lighter colors are indicative 
of higher membership values. 
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Figure 4.8 continued: Maps of individual assignments to clusters by Geneland for k = 3 
(scale is in decimal degrees). The plots represent assignment of individuals to each 
cluster: (1) LB cluster; (2) ACOSA, PV and RT cluster; and (#) SR cluster. Lighter colors 
are indicative of higher membership values. 
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Figure 4.8 continued: Maps of individual assignments to clusters by Geneland for k = 3 
(scale is in decimal degrees). The plots represent assignment of individuals to each 
cluster: (1) LB cluster; (2) ACOSA, PV and RT cluster; and (#) SR cluster. Lighter colors 
are indicative of higher membership values. 
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CHAPTER 5: ANALYSIS OF TWO MITOCHONDRIAL GENES IN AMERICAN 
 CROCODILE (CROCODYLUS ACUTUS) POPULATIONS ON THE  
PACIFIC COAST OF COSTA RICA 
 
 
ABSTRACT 
Mitochondrial DNA can be used to delineate population structure for the conservation of 
threatened and endangered species. I determined the genetic structure of American 
crocodile (Crocodylus acutus) populations along the Pacific coast of Costa Rica with two 
mitochondrial genes: the tRNAPro–tRNAPhe region of the D-loop and the cyt b gene. 
Crocodiles were collected from 11 localities along the Pacific coast. I constrcuted 
neighbor-joining (NJ) and maximum likelihood (ML) trees for the D-loop and cyt b 
respectively. Populations showed little divergence from each other (0.5% for cyt-b and 
0.2% for the D-loop). Crocodile populations within Costa Rica should be managed across 
SINAC conservation areas due to the effective gene flow occuring between populations 
along the coast. 
 
 
INTRODUCTION 
 Maintaining genetic diversity in populations is critical to persistence of threatened 
and endangered species (Frankham 2005; Haig 1998; Lacy 1997). It is important to 
include both demography and genetics into management plans (Haig 1998; Lande 1988). 
Phylogenetic analysis between and among species can help to delineate important 
populations for conservation. Mitochondrial DNA (mtDNA) sequences provide important 
information on the phylogeography of species because of its rapid mutation rate in many 
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organisms and maternal mode of inheritance (Avise 1995). They are considered to be one 
of the best genetic marker for conservation decisions regarding the structure of a 
population (Avise 1995; Taylor et al. 2000). Nuclear markers, e.g. microsatellites, 
provide extra challenges in defining population structure because they are bi-parentally 
inherited and undergo recombination (Taylor et al. 2000). Nuclear markers are also 
challenging because of the differential dispersal of sexes and mating systems of the 
species in question. Combining both nuclear and mitochondrial markers enables 
researchers to look at numerous facets of species biology and provides a promising 
outlook on defining management plans. 
 Information gathered from mitochondrial DNA can provide important information 
on the genetic structure of populations, hybridization, maternal dispersal, migration 
patterns and translocation possibilities. Results from mitochondrial DNA analysis have 
been employed in the conservation of birds (Robertson et al. 2007), fish (Faulks et al. 
2008), mammals (Hassanin et al. 2007; Nersting and Arctander 2001), amphibians 
(Sabatino and Routman 2009), and reptiles (Dutton et al. 1999; Venegas-Anaya et al. 
2008). 
 The American crocodile, Crocodylus acutus, is the widest ranging of the New 
World crocodilian species. They are found from southern Florida, through the Caribbean, 
on both coasts of Central America and into South America (Thorbjarnarson et al. 2006). 
Past hunting and overexploitation of C. acutus resulted in this species being listed on the 
United States Endangered Species List (1973) and Appendix I of the Convention on 
International Trade in Endangered Species of Wild Fauna and Flora (CITES) in 1979. 
The American crocodile is recognized as vulnerable by the International Union for the 
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Conservation of Nature and Natural Resources (IUCN) Red Book. Today, populations 
are threatened by habitat destruction and fragmentation (Mazzotti et al. 2007; Ross 1998; 
Thorbjarnarson et al. 2006). Previous studies report low (Glenn et al. 2002) to moderate 
mitochondrial haplotype diversity (Farias et al. 2004; Godshalk 2008; Vasconcelos et al. 
2008) in crocodilians and significant divergence between crocodilians lineages (Venegas-
Anaya et al. 2008). Mitochondrial DNA also identifies hybridization between sympatric 
crocodilian species (Cedeno-Vazquez et al. 2008; Weaver et al. 2008). Densmore (1983) 
suggested that Crocodylus radiated post-Pliocene. Low genetic distance between C. 
acutus populations in Florida, Haiti and the Dominican Republic (Menzies and Kushlan 
1991) supported this hypothesis. The ability of the species to disperse long distances over 
land and sea could facilitate gene flow and reduce the genetic distance observed between 
populations.  
Little is published about the genetic diversity of crocodiles in Costa Rica. 
Mitochondrial haplotype diversity is expected to be low among Pacific Costa Rican 
populations because this country encompasses only a small portion of the total range of 
the species. The objective of my study was to characterize the mitochondrial DNA of C. 
acutus on the Pacific coast of Costa Rica. I sequenced two mitochondrial genes, the 
tRNAPro–tRNAPhe region of the D-loop and cytochome-b, of crocodiles from 11 
localities. The results of this study will provide information for improved management of 
crocodiles on the Pacific coast of Costa Rica. 
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METHODS 
Study Area 
I collected C. acutus samples in four areas on the Pacific coast of Costa Rica 
(Figure 5.1). I surveyed three areas on the northwestern province of Guanacaste: Las 
Baulas National Park (LB; 10.32° N, 85.83° W), Palo Verde National Park (PV; 10.33° 
N, 85.38° W) and Santa Rosa National Park (SR; 10.78° N, 85.66° W).  I also surveyed 
seven populations throughout the southwestern province of the Osa Peninsula. These 
populations are in the Area of Conservation Osa (ACOSA) include, Pejeperrito Lagoon 
(PTL; 8.44° N, 83.43° W), Pejeperro Lagoon (PL; 8.41° N, 83.38° W), Rio Esquinas 
(RE; RE; 8.73° N, 83.3° W), Rio Coto (RC; 8.55° N, 83.1° W), Rio Sierpe (RS; 8.82° N, 
83.46° W) and the Parrot Bay Lodge (PB; 8.54° N, 83.3° W) in Puerto Jimenez. The GPS 
coordinates given for each locality are the average of all samples collected at the site. 
Sites LB and PV are in the Area of Conservation Tempisque (ACT); site SR is in the 
Area of Conservation Guanacaste (ACG); sites RS, PL, PTL, RE, RC and PB are in the 
Area of Conservation Osa (ACOSA). These localities range from large river systems 
(PV, RS, RE and RC), to estuaries (LB, SR) and coastal lagoons (SR, PL, PTL and PB). 
 
Sample Collection 
I captured crocodiles mainly during spotlight surveys using the break-away snare 
method (Hutton et al. 1987; Hutton and Woodhouse 1989), snake tongs or by hand. 
Blood and/or tissue was collected from 232 indivuals. I only used DNA from individuals 
larger than 0.75 m from site LB, PV and ACOSA (n = 57 for D-loop and n = 49 for cyt-
b). Tissue was collected from the caudal scutes during marking and blood was collected 
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from the caudal vein or the dorsal sinus. I preserved tissue samples in 95-100% ethanol 
and blood on Whatman FTA Cards for DNA Preservation. 
 
Mitochondrial DNA Isolation and Amplificatioin 
I isolated DNA from the tissue samples using the DNeasy Blood and Tissue Kit™ 
(Qiagen). The DNA was purified on blood cards with two five-minute washes with FTA 
Purification Reagent (Whatman) and two five-minute washes with Tris-EDTA (TE; 10 
mM Tris-Cl, pH 7.5, 1 mM EDTA) buffer. Each wash consisted of 50 µl of solution. 
I amplified the  tRNAPro–tRNAPhe region of the D-loop with primers drL15459 (5’ 
AGGAAAAGCGCTGGCCTTGTAA 3’) and CR2HA (5’ 
GGGGCCACTAAAAAACTGGGGGGA 3’) (modified from Ray and Densmore 2002).  
A portion of the Cyt b gene was amplifed with primers L14849 (5’ 
TCCTCCACGAACGCGGARC 3’) and H15453 (5’ 
CCKTCCAYYTCTGTCTTACAAG 3’) (Venegas-Anaya et al. 2008). We performed 
polymerase chain reactions (PCR) to amplify both fragments of the mitochondrial 
genome. DNA was amplified in 25 µl reactions containing 1.25 units of EconoTaq DNA 
Polymerase (Lucigen), 2.5 µl 10X buffer (100 mM Tris-HCl (pH 9.0), 500 mM KCl, 1% 
Triton X-100, 15 mM MgCl2), 1.0 µl  25 mM MgCl2 (Cj16 and Cj20) or 0.5 µl 25 mM 
MgCl2 (all other primers), 1.0 µl of 10 mM dNTP’s (Qiagen), 1.0 µl each forward and 
reverse primer, approximately 100 ng template DNA and purified water to the final 
volume. Thermalcycle conditions were as follows: initial denaturation at 94°C for 2 
minutes, 30 cycles of 94°C for 30 seconds, 56°C for 1 minute and 72°C for 45 seconds 
and a final extension at 72°C for 7 minutes. The resulting PCR reactions were purified by 
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combining 2 µl of the enzyme ExoSAP-IT to 8 µl of amplified DNA and incubating at 
37°C for 35 minutes and 80°C for 15 minutes. Amplified DNA was cycle sequenced 
using Big Dye v3.1 dye terminator (Applied Biosystems) by Macrogen USA (Rockville, 
MD). The sequence products were analyzed on an ABI 3100-Avant genetic analyzer 
(Applied Biosystems) by Macrogen USA (Rockville, MD). Chromatograms were viewed 
and edited with Sequencher 3.1 (Gene Codes Corporation) and then aligned using Clustal 
X2 (Thompson et al. 1997) and BioEdit 7.0.5 (Hall 1999).  
 
Data Analysis 
 I obtained the best-fit model of nucleotide substitution for maximum likelihood 
(ML) with MODELTEST (Posada and Crandall 1998) for both mitochondrial genes. We 
ran the ML analysis with and without Crocodylus niloticus (AJ810452) as an outgroup 
(Brochu 2000). 
 I performed phylogenetic analyses of the cyt-b gene under ML analysis in PAUP* 
ver 4.0b10 (Swofford 2002). Node support was determined by bootstrapping for 1,000 
replications. We constructed neighbor-joining trees with the D-loop sequence data to 
obtain finer haplotype resolution. These trees were constructed in PAUP (Swofford 2002) 
using uncorrected pairwise genetic distances. Node support was determined by 
bootstrapping for 1,000 replications. All trees constructed for both genes were visualized 
in TreeView (Page 1996). 
 Haplotypes for the cyt-b and D-loop genes were collapsed on FaBox (Villesen 
2007). This program separated all DNA sequences into individual haplotypes and 
separated the haplotypes based on the population from which the crocodile originated. 
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The Ewens-Watterson neutrality test (Ewens 1972; Watterson 1978; Watterson 1986) 
tested for mutation-drift equilibrium and selective neutrality under the infinite allele 
model. The neutrality test was performed on Arelequin 3.1 (Excoffier et al. 2005). 
Analysis of molecular variance (AMOVA) was estimated on GenAlEx 6.2 (Peakall and 
Smouse 2006). 
 
 
RESULTS 
 Base frequencies were homogeneous across individuals for both genes (P = 1.0). 
Bases did not differ between individuals for either gene along the Pacific coast of Costa 
Rica. 
The best-fit model of nucleotide substitution for the D-loop was F81 (Felsenstein 
1981) when an outgroup was not included. This model of nucleotide substitution allows 
the four bases to have unequal frequencies at equilibrium with equal rates of transitions 
and transversions (Yang 1994).  When the outgroup (C. niloticus) was included, the best-
fit model of nucleotide substitution was HKY+I (Hasegawa et al. 1985). The HKY model 
allows for unequal base frequencies at equilibrium and unequal rates of transitions and 
transversions. A neighbor-joining (NJ) tree was generated to show haplotype resolution 
of the region of the D-loop that was sequenced. When C. niloticus was added as an 
outgroup, the Costa Rican populations formed 2 branches on the NJ tree (Figure 5.2). 
Individuals from Palo Verde clustered together. The remainder of the crocodiles 
sequenced clustered in a group. This included some individuals from Palo Verde National 
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Park. When I removed the outgroup from the analysis (Figure 5.3), a third group 
consisting of two individuals from ACOSA was added to the tree. 
 The best-fit model of nucleotide substitution for the cytochome-b gene was TrN  
(Tamura and Nei 1993) when no outgroup was included. However,  when an outgroup 
(C. niloticus) was included the best fit model was HKY (Hasegawa et al. 1985). The TrN 
model of substitution has variable base, equal transversion and variable transition 
frequencies (Tamura and Nei 1993). A maximum-likelihood (ML) tree with 1,000 
bootstraps was generated for the cyt-b gene. The cyt-b gene formed 3 clusters on a ML 
tree with the outgroup included (Figure 5.4) or without the outgroup (Figure 5.5). 
Crocodiles from Las Baulas National Park formed their own branch. Crocodiles from 
ACOSA form a second branch. The remainder of the crocodiles clustered together 
according to their cyt-b gene.  
 Populations showed little divergence from each other. On average, population 
pairs were 0.5% divergent (divergence = base pair changes between two groups / total 
base pairs) for the cyt-b gene and 0.2% divergent for the dloop.  
 There were a total of 42 haplotypes for the cyt-b gene (Table 5.1) and 37 
haplotypes for the D-loop (Table 5.2). The majority of the haplotypes (90%) were only 
found in one individual for cyt-b. Unique haplotypes were found in each population for 
both genes. The Ewens-Watterson F value did not show significant negative deviation 
from selective neutrality for cyt-b or (F = 0.03, p = 0.85) or the D-loop (F = 0.04, p = 
0.92). Selective neutrality was rejected for the crocodile populations along the Pacific 
coast of Costa Rica. Essentially all (99% and 98%) of molecular variance occurred within 
populations at the cyt-b and D-loop respectively. 
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DISCUSSION 
 There was only a small amount of divergence in the mitochondrial DNA for C. 
acutus populations along the Pacific coast of Costa Rica. However, populations did have 
unique haplotypes and tended to group together for both mitochondrial genes sequenced. 
 Mitochondrial DNA sequences indicated that crocodiles of Las Baulas National 
Park were isolated from other populations. This strengthened the conclusions from 
microsatellite DNA, which also indicated that the population was isolated (Cotroneo et al 
unpublished data). Although crocodiles from Las Baulas clustered with other populations 
for the D-loop, they formed their own cluster in cyt-b.  The isolation of Las Baulas 
crocodiles from other crocodile populations is of particular conservation concern. More 
populations within Guanacaste (northwest province of Costa Rica) need to be sampled to 
determine the extent of this population’s isolation. Multiple polytomies existed in the 
trees constructed for both genes. The evolutionary relationships between individuals 
sampled along the Pacific coast of Costa Rica could not be fully resolved. More 
crocodiles need to be sequenced to resolve these uncertainties into dichotomous 
relationships. Only a portion of the cyt-b  gene was sequenced in this study. Sequencing 
the entire gene may help to resolve the evolutionary relationships. 
 Haplotype diversities found in crocodile populations along the Pacific coast of 
Costa Rica were comparable to those in other crocodilian populations studied with 
mitochondrial DNA. Vasconcelos et al (2008) found 41 mitochondrial haplotypes in 
black caiman (Melanosuchus niger). The mitochondrial signature suggests that these 
populations are recovering from past population reductions. Analysis of spectacled 
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caiman (Caiman crocodilus) mitochondrial DNA supports the existence of 5 diverse 
independent lineages in Mesoamerica and South American (Venegas-Anaya et al. 2008). 
However, more work is needed to further characterize the mitochondrial DNA signature 
of crocodile populations along the Pacific coast of Costa Rica.  
 The Ewens-Watterson neutrality test rejected significant selective neutrality for 
both genes. Selective neutrality refers to alleles that affect fitness of an individual but act 
as though they are not under selection (Frankham et al. 2002) Under mutation-drift 
equilibrium, significant selective neutrality can be interpreted to represent population 
expansion (Tajima 1989). We did not observe significant selective neutrality and 
therefore conclude that no population expansion has occurred in the recent past. 
Crocodile population assessments in Costa Rica report encounter rates between 2 and 19 
crocodiles per kilometer (Cotroneo et al unpublished data; (Bolanos et al. 1996; Sanchez 
et al. 1996; Sasa and Chaves 1992), which is similar or greater to that found in other 
populations (Balaguera-Reina and Gonzalez-Maya 2008; Boston 2006; Platt et al. 2004; 
Platt and Thorbjarnarson 2000). However, the  large percentage of juveniles and 
hatchlings in crocodile populations along the Pacific coast of Costa Rica (Cotroneo et al 
unpublished data) suggested that these populations were recovering from past population 
reductions. The generation time of crocodiles may be long enough that recent population 
expansions were not visible yet in the mitochondrial DNA. This makes it difficult  to 
detect genetic drift over shorter ecological time scales (Vasconcelos et al. 2008).  
 The results of this study support the need to manage crocodile populations in 
Pacific Costa Rica as smaller parts of a larger interacting population. Management plans 
need to cross the conservation areas established by the government’s Sistema Nacional de 
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Areas de Conservacion (SINAC) in order to account for the effective genetic dispersal 
observed. Demographic and genetic analyses of the populations indicate that crocodiles 
were recovering in numbers from past overexploitation and hunting. However, effective 
management will be critical to the long-term viability of American crocodiles in Costa 
Rica. 
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Table 5.1: Cyt-b haplotypes in C. acutus populations along the Pacific coast of Costa 
Rica. The total number of individuals expressing the haplotype in each population is 
given along with the frequency along the entire coast. 
Haplotype LB SR PV ACOSA Total Frequency 
Cyt-b1  1 2  3 0.06 
Cyt-b2   2  2 0.04 
Cyt-b3   1  1 0.02 
Cyt-b4   1  1 0.02 
Cyt-b5 1    1 0.02 
Cyt-b6   1  1 0.02 
Cyt-b7   1  1 0.02 
Cyt-b8   3  3 0.06 
Cyt-b9   1  1 0.02 
Cyt-b10   2  2 0.04 
Cyt-b11   1  1 0.02 
Cyt-b12   1  1 0.02 
Cyt-b13   1  1 0.02 
Cyt-b14   1  1 0.02 
Cyt-b15    1 1 0.02 
Cyt-b16   1  1 0.02 
Cyt-b17    1 1 0.02 
Cyt-b18   1  1 0.02 
Cyt-b19    1 1 0.02 
Cyt-b20    1 1 0.02 
Cyt-b21    1 1 0.02 
Cyt-b22    1 1 0.02 
Cyt-b23    1 1 0.02 
Cyt-b24    1 1 0.02 
Cyt-b25    1 1 0.02 
Cyt-b26  1   1 0.02 
Cyt-b27  1   1 0.02 
Cyt-b28    1 1 0.02 
Cyt-b29    1 1 0.02 
Cyt-b30    1 1 0.02 
Cyt-b31    1 1 0.02 
Cyt-b32    1 1 0.02 
Cyt-b33 1    1 0.02 
Cyt-b34 1    1 0.02 
Cyt-b35 1    1 0.02 
Cyt-b36  1   1 0.02 
Cyt-b37 2    2 0.04 
Cyt-b38  1   1 0.02 
Cyt-b39 1    1 0.02 
Cyt-b40 1    1 0.02 
Cyt-b41 1    1 0.02 
Cyt-b42 1    1 0.02 
Total 10 5 20 14   
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Table 5.2: D-loop haplotypes in C. acutus populations along the Pacific coast of Costa 
Rica. The total number of individuals expressing the haplotype in each population is 
given along with the frequency along the entire coast. 
Haplotype LB SR PV ACOSA Total Frequency 
D-loop1 1  2 3 6 0.11 
D-loop2   2  2 0.04 
D-loop3   2  2 0.04 
D-loop4    1 1 0.02 
D-loop5   1  1 0.02 
D-loop6    1 1 0.02 
D-loop7    1 1 0.02 
D-loop8 2  1 2 5 0.09 
D-loop9   1  1 0.02 
D-loop10    1 1 0.02 
D-loop11    1 1 0.02 
D-loop12    1 1 0.02 
D-loop13   1 4 5 0.09 
D-loop14    1 1 0.02 
D-loop15    1 1 0.02 
D-loop16  1   1 0.02 
D-loop17  1   1 0.02 
D-loop18  1   1 0.02 
D-loop19 1    1 0.02 
D-loop20 1    1 0.02 
D-loop21 1    1 0.02 
D-loop22 1    1 0.02 
D-loop23 1    1 0.02 
D-loop24 3    3 0.05 
D-loop25 1    1 0.02 
D-loop26 1    1 0.02 
D-loop27 1    1 0.02 
D-loop28 2    2 0.04 
D-loop29 1    1 0.02 
D-loop30 1    1 0.02 
D-loop31 1    1 0.02 
D-loop32 1    1 0.02 
D-loop33 1    1 0.02 
D-loop34   3  3 0.05 
D-loop35   1  1 0.02 
D-loop36   1  1 0.02 
D-loop37   1  1 0.02 
Total 21 3 16 17   
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Figure 5.1: Map of survey sites in Costa Rica for the American crocodile, Crocodylus 
acutus. Las Baulas (LB), Palo Verde (PV), Santa Rosa (SR), Rio Sierpe (RS), Pejeperrito 
Lagoon (PTL), Pejeperro Lagoon (PL), Rio Esquinas (RE), Rio Coto (RC) and Parrot 
Bay Lodge (PB). 
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Figure 5.2: Neighbor joining tree for C. acutus populations on the Pacific coast of Costa 
Rica for the tRNAPro–tRNAPhe region of the D-loop. Crocodylus niloticus (C. niloti) was 
added as an outgroup.  
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Figure 5.3: Neighbor joining tree for C. acutus populations on the Pacific coast of Costa 
Rica for the tRNAPro–tRNAPhe region of the D-loop. 
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Figure 5.4: Maximum likelihood tree for C. acutus populations on the Pacific coast of 
Costa Rica for cyt-b. Crocodylus niloticus was included as an outgroup. (bootstrap = 
1,000) 
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Figure 5.5: Maximum likelihood tree for C. acutus populations on the Pacific coast of 
Costa Rica for cyt-b. (bootstrap = 1,000) 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 
 
Conclusions 
 My study showed that there are moderate to large crocodile populations in many 
areas along the Pacific coast of Costa Rica. Encounter rates were comparable to or higher 
than those in other crocodilian population studies (Bolanos et al. 1996; Leslie 1997; 
Sanchez et al. 1996; Sasa and Chaves 1992; Shirley et al. 2009). These rates ranged from 
1.2 to 4.3 crocodiles km-1. More crocodiles were encountered in larger river systems, i.e. 
Palo Verde National Park and the Osa Conservation Area, along the coast. Smaller 
estuaries, i.e. Santa Rosa and Las Baulas National Parks, had smaller encounter rates 
suggesting that larger areas support larger crocodile populations. American crocodile 
populations range wide have been depleted from poaching and overharvesting until the 
1970s. The size class distributions in this study suggest that most populations are 
recovering from past population reductions. The majority of crocodiles encountered 
along the Pacific coast (54.9%) were juveniles or hatchlings. High numbers of juveniles 
and low numbers of adults typically indicate that populations are recovering from past 
reductions in size (Ouboter and Nanhoe 1989). Successful reproduction along the coast 
will continue to increase the population size. 
Genetic analysis of microsatellite loci in this dissertation documented that the 
crocodile populations that I surveyed in Pacific Costa Rica had heterozygosity values 
higher than or comparable to other crocodilian populations (Davis et al. 2001; de Thoisy 
et al. 2006; Dever et al. 2002; Glenn et al. 1998; Rodriguez et al. 2008; Verdade et al. 
2002). This indicated that crocodile populations along the Pacific coast of Costa Rica 
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were genetically diverse. Each sampling locality had at least one unique allele over at 
least one microsatellite locus. This suggested that the microsatellite loci in these 
crocodile populations are evolving separately of each other. Significant population 
differentiation was found between all population pairs. Therefore, the populations were 
evolving separately from each other. Effective gene flow (2.4 migrants per generation) 
was occurring along the Pacific coast. Migration at this rate will prevent genetic drift 
from occurring between populations. Distance does not appear to be the driving cause of 
genetic differentiation. No isolation by distance was found along a straight-line, coastline, 
or stream route between population pairs.  
Bayesian analysis and model-based clustering segregated the populations into 
three clusters. Crocodiles from Las Baulas National Park were isolated from the other 
populations along the Pacific coast. Little migration occurred either from or to this 
population. Santa Rosa National Park formed a second cluster; however a large 
proportion of crocodiles in this locality were migrants or offspring of migrants from Palo 
Verde National Park. This suggested that there was connectivity between this population 
and most of the other surveyed populations inhabiting the rest of the coast. The exception 
to this was the crocodile population in Las Baulas National Park. The remainder of the 
populations, Palo Verde National Park, Rio Tarcoles and the Osa Conservation Area 
formed a third cluster. A second clustering method produced similar results with the Osa 
Conservation Area forming its own cluster. The crocodile population in Palo Verde 
National Park was an important source population for the rest of the coast. Bayesian 
analysis supported the presence of a metapopulation structure for crocodiles in Pacific 
Costa Rica. Populations in this portion of C. acutus range were not panmictic. 
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 The results of these studies were consistent with crocodile populations along the 
Pacific coast of Costa Rica bring treated as subunits of one interacting population. It is 
critical to protect all potential crocodile habitats along the coast. Intermediate habitats 
between the larger source populations (Palo Verde, Rio Tarcoles and Rio Sierpe in this 
study) provide essential foraging areas and dispersal routes for juvenile crocodiles. 
Continued existence of these habitats is crucial for the continued persistence of crocodiles 
in Costa Rica. It is important to maintain these connecting habitats so that crocodiles are 
able to freely disperse between larger rivers and estuaries. Isolation by distance analysis 
suggested that crocodiles could be using oceanic or inland streams and rivers for 
dispersal. Santa Rosa and Palo Verde National Parks are separated by long coastline 
distance. However these populations clustered together and gene flow was observed 
between them. Crocodiles could leave Santa Rosa National Park and travel south for 15 
kilometers to the Culebra Bay. The Tempisque River is only five kilometers from this 
bay. This area may be flooded during the rainy season and provide easy access to the 
Tempisque River and the crocodile population residing in Palo Verde National Park. This 
route could explain the level of gene flow observed between Santa Rosa and Palo Verde 
National Parks and the clustering of these populations together. This highlights the 
importance of protecting all potential crocodile habitat along the Pacific coast of Costa 
Rica. The isolation of the Las Baulas population is of particular conservation concern. 
Therefore, management plans should cross conservation areas of Sistema Nacional de 
Areas de Conservacion (SINAC) to account for the effective dispersal observed between 
populations.  
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Management Recommendations 
1. Write management plans that cross the conservation areas of SINAC. The 
effective dispersal of crocodiles observed supports the need to protect the 
populations as parts of one interacting population. Populations should not be 
managed separately since they are interacting with each other. 
2. Protect all potential crocodile habitats along the coast. Intermediate habitats 
provide important feeding and dispersal grounds. Crocodiles depend on these 
areas for many aspects of their biology. 
3. Protect potential nesting and nursery habitats to allow crocodiles to successfully 
reproduce. Protection of nursery habitats will increase the survival probability of 
hatchlings. 
 
Future Directions  
  Population assessments and monitoring efforts need to be continued in crocodile 
populations along the Pacific coast of Costa Rica. A long term study of the demographics 
of these populations will provide invaluable information for the conservation of the 
species range wide. The genetic analysis of populations should also be continued. 
Crocodiles in other coastal populations in Guanacaste need to be genotyped to determine 
the extent to which the Las Baulas population is isolated from other populations on the 
Pacific coast of Costa Rica. It is critical to determine the extent to which Las Baulas 
crocodiles are actually isolated from other populations. Continued genetic sampling of 
this and surrounding populations will help to further define the genetic structure in this 
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region and the degree of Las Baulas’ isolation. More research is needed on the crocodile 
populations to better understand the population genetic structure within Costa Rica.  
 
  
134 
 
 
LIST OF REFERENCES 
 
 
 
 
Adams SE, Smith MH, Baccus R (1990) Biochemical variation in the American alligator. 
Herpetologica, 36, 289-296. 
 
Antolin MF, Savage LT, Eisen RJ (2006) Landscape features influence genetic structure 
of black-tailed prairie dogs (Cynomys ludovicianus). Landscape Ecology, 21, 867-
875. 
 
Avise JC (1995) Mitochondrial DNA polymorphism and a connection between genetics 
and demography of relevance to conservation. Conservation Biology, 9, 686-690. 
 
Baillie JEM, Hilton-Taylor C, Stuart SN, editors (2004) 2004 IUCN Red List of 
Threatened Species: A Global Species Assessment. IUCN, Cambridge, UK. 
 
Barrantes LD (2008) Determinacion de la variabilidad genetic y flujo genetic entre las  
poplaciones de cocodrilo (Crocodylus acutus) de los rios Tempisque, Tarcoles y 
el complejo Terraba-Sierpe; con mecion especial a la condicion de la poplacion 
del Rio Tempisque. Universidad Nacional, Heredia, Costa Rica. 
  
Balaguera-Reina SA, Gonzalez-Maya (2008) First report of Crocodylus acutus in the via 
Parque Isla de Salamanca, Magdelena, Columbio. Crocodile Specialist Group 
Newsletter, 27, 6-8. 
 
Bayliss P (1987) Survey methods and monitoring within crocodile management 
programmes, pp. 157-175 in Wildlife management: Crocodiles and alligators, 
edited by Webb GJW, Manolis SC, Whitehead PJ. Surrey Beatty & Sons, 
Australia. 
 
Bolanos J, Sanchez L, Piedra L (1996) Inventario y estructura poblacional de 
crocodilidos en tres zonas de Costa Rica. Revista de Biologia Tropical, 44/45, 
283-287. 
 
Bourquin SL (2008) The population ecology of the Nile crocodile (Crocodylus niloticus) 
in the Panhandle Region of the Okavango Delta, Botswana. Ph.D. Dissertation. 
Stellenbosch University, Stellenbosch. 
 
Boston M (2006) Recent surveys of the American crocodile (Crocodylus acutus) in the 
Osa Peninsula Region (ACOSA) of southwestern Costa Rica: Justification for 
long term studies and conservation. Friends of the Osa Newsletter. 
 
Boza MA, Cevo JH (2001) Costa Rica National Parks and other Protected Areas. Incafo 
Costa Rica, San Jose, Costa Rica. 
135 
 
 
 
Branch LC, Clark AM, Moler PE, Bowen BW (2003) Fragmented landscapes, habitat 
specificity, and conservation genetics of three lizards in Florida scrub. 
Conservation Genetics, 4, 199-212. 
 
Brochu C (2000) Phylogenetic relationships and divergence timing of Crocodylus based 
on morphology and fossil record. Copeia, 2000, 657-673. 
 
Cedeno-Vasquez JR, Rodriguez D, Calme S, Ross JP, Densmore LD, Thorbjarnson J 
(2008) Hybridization between Crocodylus acutus and Crocodylus moreletti in the 
Yucatan Peninsula: I. Evidence from mitochondrial DNA and morphology. 
Journal of Experimental Zoology, 309A, 661-673. 
 
CITES (2006) CITES Appendices I, II and III. www.cites.org. 
 
Coombs JA, Letcher BH, Nislow KH (2007) CREATE: a software to create input files 
from diploid genetypic data for 52 genetic software programs. Molecular Ecology 
Notes, 8, 578-580. 
 
Coulon A, Guillot G, Cosson JF, Angibault MA, Aulagnier S, Carnelutti B, Galan M, 
Hewison JM (2006) Genetic structure is influenced by landscape features: 
empirical evidence from a roe deer population. Molecular Ecology, 15, 1669-
1679. 
 
Daily GC, Ehrlich PR, Sanchez-Azofeifa GA (2001) Countryside biogeography: use of 
human dominated habitats by the avifauna of southern Costa Rica. Ecological 
Applications, 11, 1-13. 
 
Dale VH, Pearson SM, Offerman HL, O’Neill RV (1994) Relating patterns of land-use 
change to faunal biodiversity in Central Amazon. Conservation Biology, 8, 1027-
1036. 
 
Davis, LM, TC Glenn, R. M. Elsey, H. C. Dessauer, and R. H. Sawyer. (2001) Multiple 
paternity and mating patterns in the American alligator, Alligator mississippiensis. 
Molecular Ecology, 10, 1011-1024. 
 
Davis LM, Glenn TC, Strickland DC, Guillette Jr LJ, Elsey RM, Rhodes WE, Dessauer 
HC, Sawyer RH (2002) Microsatellite DNA analyses support an east-west 
phylogeographic split of American alligator populations. Journal of Experimental 
Zoology (Mol Dev Evol), 294, 352-372. 
 
Densmore LD (1983) Biochemical and immunological systematics of the Order 
Crocodilia. In MK Hecht, B Wallace, GH Prance (eds), Evolutionary Biology, 
Vol. 16. Plenum Press, New York, pp. 397-465. 
 
136 
 
 
de Thoisy BT, Hrbek T, Parias IP, Vasconcelos WR, Lavergne A (2006) Genetic 
structure, population dynamis, and conservation of Black caiman (Melanocuchus 
niger). Biological Conservation, 133, 474-482. 
 
Dever JA, Densmore LD (2001) Microsatellite's in Morelet's crocodile (Crocodylus 
moreletti) and their utility in addressing crocodilian population genetics questions. 
Journal of Herpetology, 35, 541-544. 
 
Dever JA,  Strauss RE, Rainwater TR, McMurray ST, Densmore LD (2002) Genetic 
diversity, population subdivision and gene flow in Morelet's crocodile 
(Crocodylus moreletti) from Belize, Central America. Copeia, 4, 1078-1091. 
 
Dunson WA (1982) Osmoregulation of crocodiles: salinity as a possible limiting factor to 
Crocodylus acutus in Florida Bay. Copeia, 1982, 374-385. 
 
Dutton PH, Bowen BW, Owens DW, Barragan A, Davis SK (1999) Global 
phylogeography of the leatherback turtle (Dermochelys coriacea). Journal of 
Zoology, 248, 397-409. 
 
Epperson BK, Allard RW (1989) Spatial autocorrelation analysis of the distribution of 
genotypes within populations of Lodgepole pine. Genetics, 121, 369-377. 
 
EROS (2005a) Map of SRTM-Derived Stream Order for Costa Rica. USGS, Sioux Falls, 
South Dakota. 
 
Erwin TL (1991) An evolutionary basis for conservation strategies. Science, 253, 750-
752. 
 
Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of individuals 
using the software STRUCTURE: a simulation study. Molecular Ecology, 14, 
2611-2620. 
 
Ewens W (1972) The sampling theory of selectively neutral alleles. Theoretical 
Population Biology, 3, 87-112. 
 
Excoffier L, Heckel G (2006) Computer programs for population genetics data analysis: a 
survival guide. Nature Reviews, 7, 745-758. 
 
Excoffier L, Laval G, Schneider S (2005) Arlequin ver 3.0: An integrated software 
package for population genetics data analysis. Evolutionary Bioinformatics 
Online, 1, 47-50. 
 
Farias IP, da Silveira R, de Thoisy B, Monjelo LA, Thorbjarnarson J, Hrbek T (2004) 
Genetic diversity and population structure of Amazonian crocodilians. Animal 
Conservation, 7, 265-272. 
 
137 
 
 
Faulks LK, Gilligan DM, Beheregaray LB (2008) Phylogeography of a threatened 
freshwater fish (Mogurnda adspera) in eastern Australia: conservation 
implications. Marina and Freshwater Research, 59, 89-96. 
 
Felsentein J (1981) Evolutionary trees from DNA sequences: a maximum likelihood 
approach. Journal of Molecular Evolution, 17, 368-376. 
 
Fitzsimmons NN, Tanksley S, Forstner MRJ, Louis EE, Daglish R, Gratten J, Davis S 
(2000) Microsatellite markers for Crocodylus: new genetic tools for population 
genetics, mating system studies and forensics. Pages 51-57 in Grigg GC, 
Seebacher F, Franklin CE, editors. Crocodilian Biology and Evolution. Surrey 
Beatty & Sons, Australia. 
 
Fontaine MC, Baird SJ, Piry S, Ray N, Tolley KA, Duke A, Birkun A, Ferreira M, 
Jauniaux T, Llavona A, Ozturk B, Ozturk AA, Ridoux V, Rogan E, Sequeira M, 
Siebert U, Vikingsson GA, Bouquegneau JM, Michaux JR (2007) Rise of 
oceanographic barriers in continuous populations of a cetacean: the genetic 
structure of harbor porpoises in Old World waters. BMC Biology, 5, 30. 
 
Frankham R (1995) Inbreeding and extinction: A threshold effect. Conservation Biology, 
9, 792-799. 
 
Frankham R (2005) Genetics and extinction. Biological Conservation, 126, 131-140. 
 
Frankham R, Ballou JD, Briscoe DA (2002) Introduction to Conservation Genetics. 
Cambridge University Press, Cambridge. 
 
Frankie GW, Mata A, Vinson SB (Editors) (2004) Biodiversity conservation in Costa 
Rica: Learning the lessons in a seasonal dry forest. University of California 
Press, Los Angeles. 
 
Freeland JR (2005) Molecular Ecology. John Wiley & Sons Ltd, England. 
 
Gaby R, McMahon MP, Mazzotti FJ, Gillies WN, Wilcox JR (1985) Ecology of a 
population of Crocodylus acutus at a power plant site in Florida. Journal of 
Herpetology, 19, 189-198. 
 
Galarza JA, Carreras-Carbonell J, MacPherson E, Pascual M, Roques S, Turner GF, Rico 
C (2009) The influence of oceanographic fronts and early-life-history traits on 
connectivity among littoral fish species. PNAS, 106, 1473-1478. 
 
Gartside DF, Dessauer HC, Joanan T (1977) Genic homozygosity in an ancient reptile 
(Alligator mississippiensis). Biochemical Genetics, 15, 655-663. 
 
Garza J, Williamson E (2001) Detection of reduction in population size using data from 
microsatellite loci. Molecular Ecology, 10, 305-318. 
138 
 
 
 
Glenn TC, Dessauer HC, Braun MJ (1998) Characterization of microsatellite DNA loci in 
American alligators. Copeia, 1998, 591-601. 
 
Glenn TC, Staton LL, Vu AT, Davis LM, Bremer JRA, Rhodes W, Brisbin Jr IL, Sawyer 
RH (2002) Low mitochondrial DNA variation among American alligators and a 
novel non-coding region in crocodilians. Journal of Experimental Zoology (Mol 
Dev Evol), 294, 312-324. 
 
Godshalk R (2008) The phylogeography of the yacare caiman, Caiman yacare, of central 
South America, pp. 137-152 in Proceeding of the 19th Working Meeting of the 
Crocodile Specialist Group, IUCN – The World Conservation Union, Gland, 
Switzerland and Cambridge UK. 
 
Goudet J (1995) FSTAT (version 1.2): A computer program to calculate F-statistics. 
Journal of Heredity, 86, 485-486. 
 
Guillot G, Estoup A, Mortier F, Cosson JF (2005A) A spatial statistical model for 
landscape genetics. Genetics, 170, 1261-1280. 
 
Guillot G, Mortier F, Estoup A (2005b) Geneland: A program for landscape genetics. 
Molecular Ecology Notes, 5, 712-715. 
 
Guo S, Thompson E (1992) A monte-carlo method for combined segregation and linkage 
analysis. American Journal of Human Genetics, 51, 1111-1126. 
 
Haig SM (1998) Molecular contributions to conservation biology. Ecology, 79, 413-425. 
 
Hall, TA (1999) BioEdit: a user-friendly biological sequence alignment editor and 
analysis program for Windows 95/98/NT. Nucleic Acids Symposium Series, 41, 
95-98. 
 
Hasegawa M, Kishino H, Yano T (1985) Dating the human-ape splitting by a molecular 
clock of mitochondrial DNA. Journal of Molecular Evolution, 22, 160-173. 
 
Hassanin A, Ropiquet A, Gourmans AL, Chardonnet B, Rigoulet J (2007) Mitochondrial 
DNA variability in Giraffa camelopardalis: consequences for taxonomy, 
phylogeography and conservation of giraffes in West and central Africa. C. R. 
Biologies, 330, 265-274. 
 
Hirao AS, Kudo G (2004) Landscape genetics of alpine-snowbed plants: comparisons 
along geographic and snowmelt gradients. Heredity, 93, 290-298. 
 
Hunter JR (1993) Is Costa Rica truly conservation-minded? Conservation Biology, 8, 
595-595. 
 
139 
 
 
Hutton J (1989) Movements, home ranges, dispersal and the separation of size classes in 
Nile crocodiles. American Zoologist, 29, 1033-1049. 
 
Hutton JM, Loveride JP, Blake DK (1987) Capture methods for the Nile crocodile in 
Zimbabwe, pp. 243-247 in Wildlife management: Crocodiles and alligators, 
edited by Webb GJW, Manolis SC, Whitehead PJ. Surrey Beatty & Sons, 
Australia. 
 
Hutton JM, Woodhouse ME (1987) Mark-recapture to assess factors affecting the 
proportion of a Nile crocodile population seen during spotlight counts at Ngezi, 
Zimbabwe, and the use of spotlight counts to monitor crocodile abundance. 
Journal of Applied Ecology, 26, 381-395. 
 
IUCN (2007) IUCN Red List of Endangered Species. www.iucnredlist.org. 
 
Jennings ML, David DN, Portier KM (1991) Effect of marking techniques on growth and 
survivorship of hatchling alligators. Wildlife Society Bulletin, 19. 
 
Kalinowski S (2005) HP-RARE 1.0: a computer program for performing rarefaction on 
measures of allelic richness. Molecular Ecology Notes, 5, 187-189. 
 
Kay WR (2004) Movements and home ranges of radio-tracked Crocodylus porosus in the 
Cambridge Gulf region of Western Australia. Wildlife Research, 31, 495-508. 
 
Kimura M, Weiss GH (1964) The stepping stone model of population structure and the 
decrease of genetic correlation with distance. Genetics, 49, 561-576. 
 
Kushlan, JA (1988) Conservation and management of the American crocodile. 
Environmental Management, 12, 777-790. 
 
Kushlan JA, Mazzotti FJ (1989a) Population biology of the American crocodile. Journal 
of Herpetology, 23, 7-21. 
 
Kushan JA, Mazzotti FJ (1989b) Historic and present distribution of the American 
crocodile in Florida. Journal of Herpetology, 23, 1-7. 
 
Lacy RC (1997) Importance of genetic variation to the viability of mammalian 
populations. Journal of Mammalogy, 78, 320-335. 
 
Lande R (1988) Genetics and demography in biological conservation. Science, 241, 
1455-1460. 
 
Lang JW, Aggarwal RK, Majumdar KC, Singh L (1993) Individualization and estimation 
of relatedness in crocodilians by DNA fingerprinting with a Bkm-derived probe. 
Molecular Genetics and Genomics, 238, 49-58. 
 
140 
 
 
Lawson RC, Kofron C, Dessauer HC (1989) Allozyme variation in a natural population 
of the Nile crocodile. American Zoologist, 29, 863-871. 
 
Leclerc E, Mailhot Y, Mingelbier M, Bernatchez (2008) the landscape genetics of yellow 
perch (Perca flavescens) in a large fluvial ecosystems. Molecular Ecology, 17, 
1702-1717. 
 
Leslie AJ (1997) The ecology and physiology of the Nile crocodile, Crocodylus niloticus, 
in Lake St. Lucia, Kwazulu/Natal, South Africa. Drexel University, Philadelphia. 
 
Lowe A, Harris S, Ashton P (2004) Ecological Genetics: Design, Analysis and 
Application. Blackwell Science Ltd, Malden, MA. 
 
Magnusson WE, Lima AP (1991) The ecology of a cryptic predator, Paleosuchus 
trigonatus, in a tropical rainforest. Journal of Herpetology, 25, 41-48. 
 
Manel S, Schwatrz MK, Luikart G, Taberlet P (2003) Landscape genetics: combining 
landscape ecology and population ecology. Trends in Ecology and Evolution, 18, 
189-197. 
 
Maruyama T (1969) Genetic correlation in the stepping stone model with non-
symmetrical migration rates. Journal of Applied Probability, 6, 463-477. 
 
Mazzotti FJ (1999) The American Crocodile in Florida Bay. Estuaries, 22, 552-561. 
 
Mazzotti FJ, Brandt LA, Moler P, Cherkiss MS (2007) American crocodile (Crocodylus 
acutus) in Florida: Recommendations for endangered species recovery and 
ecosystem restoration. Journal of Herpetology, 41, 122-132. 
 
Mazzotti FJ, Cherkiss MS (2003) Status and Conservation of the American Crocodile in 
Florida: Recovering an Endangered Species While Restoring an Endangered 
Ecosystem. University of Florida, Ft. Lauderdale Research and Education Center. 
Tech Report. 
 
Meffe GK (1986) Conservation genetics and management of endangered fishes. 
Fisheries, 11, 14-23. 
 
Menzies RA, Kushlan JA (1991) Genetic variation in populations of the American 
Crocodile. Journal of Herpetology, 25, 357-361. 
 
Mills LS, Allendorf FW (1996) The one-migrant-per-generation rule in conservation and 
management. Conservation Biology, 10, 1509-1518. 
 
Moore JA, Miller HC, Daugherty HD, Nelson NJ (2008) Fine-scale genetic structure of a 
long-lived reptile reflects recent habitat modification. Molecular Ecology, 17, 
4630-4641. 
141 
 
 
 
Moritz C (1994) Defining ‘Evolutionary Significant Units’ for conservation. Trends in 
Ecology and Evolution, 9, 373-375. 
 
Murillo LPP (2004) Situacion actual del cocodrilo Americano (Crocodylus acutus) en 
rios Jesus Maria, Tarcoles y Tusubres. Universidad Nacional, Heredia, Costa 
Rica. 
 
Nersting LG, Arctander P (2001) Phylogeography and conservation of impala and greater 
kudu. Molecular Ecology, 10, 711-719. 
 
O’Brien AJ (1994) A role for molecular genetics in biological conservation. PNAS, 91, 
5748-5755. 
 
O’Brien SJ, Roelke ME, Marker L, Newman A, Winkler CA, Meltzer D, Colly L, 
Evermann JF, Bush M, Wildt DE (1985) Genetic basis for species vulnerability in 
the cheetah. Science, 227, 1428-1434. 
 
Ogden JC (1978) Status and nesting biology of the American crocodile, Crocodylus 
acutus, (Reptilia, Crocodilidae) in Florida. Journal of Herpetology, 12, 183-196. 
 
Ortego J, Aguirre MP, Cordero PJ (2010) Population genetics of Mioscirtus wagneri, a 
grasshopper showing a highly fragmented distribution. Molecular Ecology, 19, 
472-483. 
 
Ouboter PE, Nanhoe LMR (1989) Notes on the dynamics of a population of Caiman 
crocodilus crocodilus in Northern Suriname and its implications for management. 
Biological Conservation, 48, 243-264. 
 
Oyler-McCance S, St. John J, Taylor SE, Apa AD, Quinn TW (2005) Population genetics 
of Gunnison sage-grouse. Journal of Wildlife Management, 69, 630-637. 
 
Page RDM (1996) TreeView: an application to display phylogenetic trees on personal 
computers. Computer Applications in the Biosciences, 12, 357-358. 
 
Palsboll PJ, Berube M, FW Allendorf (2006) Identification of management units using 
population genetic data. Trends in Ecology and Evolution, 22, 11-16. 
 
Parker C, Pusey AE, Rowley H, Gilbert DA, Martenson J, O’Brien SJ (1991) Case study 
of a population bottleneck: Lions of Ngorongoro Crater. Conservation Biology, 5, 
219-230. 
 
Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in Excel. Population genetic 
software for teaching and research. Molecular Ecology Notes, 6, 288-295. 
 
142 
 
 
Perez-Espona S, Perez-Barberia FJ, McLeod JE, Jiggins CD, Gordon IJ, Pemberton JM 
(2008) Landscape features affect gene flow of Scottish Highland red deer (Cervus 
elaphus). Molecular Ecology, 17, 981-996. 
 
Petren K, Grant R, Grant BR, Keller LF (2005) Comparative landscape genetics and the 
adaptive radiation of Darwin’s finches: the role of peripheral isolation. Molecular 
Ecology, 14, 2943-2957. 
 
Platt SG, Rainwater TR, Nichols S (2004) A recent population assessment of the 
American crocodile, Crocodylus acutus, Turneffe Atoll in Belize. Herpetological 
Bulletin, 89, 26-32. 
 
Platt SG, Thorbjarnarson JB (2000a) Population status and conservation of Morelet’s 
crocodile, Crocodylus moreletti, in northern Belize. Biological Conservation, 96, 
21-29. 
 
Platt SG, Thorbjarnarson JB (2000b) Status and conservation of the American crocodile, 
Crocodylus acutus, in Belize. Biological Conservation, 96, 13-20. 
 
Posada D, Crandall K (1998) MODELTEST: testing the model of DNA substitution. 
Bioinformatics, 14, 818-818. 
 
Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using 
multilocus genotype data. Genetics, 155, 945-959. 
 
Queller DC, Goodnight KF (1989) Estimating relatedness using genetic markers. 
Evolution, 43, 258-275. 
 
Ramirez A (2004) Ecological research and the Costa Rican park system. Ecological 
Applications, 14, 15-27. 
 
Ray DA, Densmore LD (2002) The crocodilian mitochondria control region: general 
structure, conserved sequences, and evolutionary implications. Journal of 
Experimental Zoology, 294, 334-345. 
 
Ray DA, Dever JA, Platt SG, Rainwater TR, Finger AG, McMurry ST, Batzer MA, Barr 
B, Stafford PJ, McKnight J, Densmore LD (2004) Low levels of nucleotide 
diversity in Crocodylus moreletti and evidence of hybridization with C. acutus. 
Conservation Genetics, 5, 449-462. 
 
Raymond M, Rousset F (1995) GENEPOP (version 1.2): population genetics software for 
exact tests and exumenicism. Journal of Heredity, 86, 248-249. 
 
Read MA, Grigg GC, Irwin SR, Shanahan D, Franklin CE (2007) Satellite tracking 
reveals long distance coastal travel and homing by translocated estuarine 
crocodiles, Crocodylus porosus. PLoS ONE, 9, e949. 
143 
 
 
 
Reed DH, Frankham R (2003) Correlation between fitness and genetic diversity. 
Conservation Biology, 17, 230-237. 
 
Reed DH, Nicholas AC, Stratton GE (2007) Genetic quality of individuals impacts 
population dynamics. Animal Conservation, 10, 275-283. 
 
Robertson BD, Steeves TE, McBride KP, Goldstein SJ, Williams M, Gemmel NJ (2007) 
Phylogeography of the New Zealand blue duck (Hymenolaimus malacorhynchos): 
implications for translocation and species recovery. Conservation Genetics, 8, 
1431-1440. 
 
Rodriguez D. (2007). Crocodilian evolution, systematics and population genetics: 
recovery and ecological interactions of the American crocodile (Crocodylus 
acutus). College of Arts and Sciences. Lubbock, Texas, Texas Tech University. 
Doctor of Philosophy. 
 
Rodriguez D, Cedeno-Vazquez JR, Forstner MR, Densmore LD (2008) Hybridization 
between Crocodylus acutus and Crocodylus moreletti in the Yucatan Peninsula: II 
Evidence from microsatellites. Journal of Experimental Zoology (Mol Dev Evol), 
309A, 674-686. 
 
Ross JP (1998) Crocodiles: an action plan for their conservation, IUCN/SSG Crocodile 
Specialist Group Publication. Oxford Press, Oxford. 
 
Rousset F (2008) Genepop’007: a complete reimplementation of the Genepop software 
for Windows and Linux. Molecular Ecology Resources, 8, 103-106. 
 
Ryberg WA, Fitzgerald LA, Honeycutt RL, Cathey JC (2002) Genetic relationships of 
American alligator populations distributed across different ecological and 
geographic scales. Journal of Experimental Zoology (Mol Dev Evol), 294, 325-
333. 
 
Sabatino SJ, Routman EJ (2009) Phylogeography and conservation genetics of the 
hellbender salamander (Cryptobanchus alleganienses). Conservation Genetics, 
10, 1235-1246. 
 
Sanchez JJ, Bolanos J, Piedra L (1996) Poblacion de Crocodylus acutus (Crocodylia: 
Crocodylidae) en dos rios de Costa Rica. Revista de Biologia Tropical, 44, 835-
840. 
 
Sasa M, Chaves G (1992) Tamano, estructura y distribucion de una poplacion de 
Crocodylus acutus (Crocodylia: Crocodilidae) en Costa Rica. Revista de Biologia 
Tropical, 40, 131-134. 
 
144 
 
 
Sheridan C (2010) Mating system and dispersal patterns in the diamondback terrapin 
(Malacemys terrapin). Ph.D. Dissertation. Drexel University, Philadelphia PA. 
 
Shirley MH, Oduro W, Beibro HY (2009) Conservation status of crocodiles in Ghana and 
Cote-d’Ivoire, West Africa. Oryx, 43, 136-145. 
 
Slatkin M (1985) Gene flow in natural populations. Annual Review of Ecology and 
Systematics, 16, 393-430. 
 
Slatkin M (1995) A measure of population subdivision based on microsatellite allele 
frequencies. Genetics, 139, 457-462. 
 
Slatkin M, Arter HE (1991) Spatial autocorrelation methods in population genetics. The 
American Naturalist, 138, 499-517. 
 
Smouse PE, Peakall R (1999) Spatial autocorrelation analysis of individual multiallele 
and multilocus genetic structure. Heredity, 82, 561-573. 
 
Sokal RR, Wartenber DE (1983) A test of spatial autocorrelation analysis using an 
isolation-by-distance model. Genetics, 105, 219-237. 
 
Sork VL, Smouse PE (2006) Genetic analysis of landscape connectivity in tree 
populations. Landscape Ecology, 21, 821-836. 
 
Spear S, Peterson CR, Matocq MD, Storfer A (2005) Landscape genetics of the blotched 
tiger salamander (Ambystoma tigrinum melanostictum). Molecular Ecology, 14, 
2553-2564. 
 
Spotila J, Paladino F (2004) Parque Marino Las Baulas: conservation lessons from a new 
national park and from 45 years of conservation of sea turtles in Costa Rica, pp. 
194-209 in Biodiversity conservation in Costa Rica: learning the lessons in a 
seasonal dry forest, edited by Frankie GW, Mata A, Vinson SB. University of 
California Press, Los Angeles. 
 
Stafford PJ, McMurray ST, Rainwater TR, Ray DA, Densmore LD, Barr B (2003) 
Morelet’s crocodile (Crocodylus moreletti) in the Maca River watershed, Maya 
Mountains, Belize. Herpetological Bulletin, 85, 15-23. 
 
Stuebring RB, Ismai G, Hau Ching (1994) the distribution and abundance of the Indo-
Pacific crocodile Crocodylus porosus in the Klias River, Sabah, East Malaysia. 
Biological Conservation, 69, 1-7. 
 
Swofford DL (2002) PAUP*v4.0b1.0: phylogenic analysis using parsimony (*and other 
methods). Sinauer, Sunderland, MA. 
 
145 
 
 
Tajima F (1989) Statistica method for testing the neutral mutation hypothesis by DNA 
polymorphism. Genetics, 123, 585-595. 
 
Tamura K, Nei M (1993) Estimation of the number of nucleotide substitutions in the 
control region of mitochondrial DNA in humans and chimpanzees. Molecular 
Biology and Evolution, 10, 1287-1297. 
 
Taylor BL, Chivers SJ, Sexton S, Dizon AE (2000) Evaluating dispersal estimates using 
mtDNA data: comparing analytical and simulation approaches. Conservation 
Biology, 14, 1287-1297. 
 
Taylor BL, Dizon AE (1999) First policy then science: Why management units based 
solely on genetic criteria cannot work. Conservation Biology, 8, S11-S16. 
 
Taylor PD, Fahrig L, Henein K, Merriam G (1993) Connectivity is a vital element of 
landscape structure. Oikos, 68, 571-573. 
 
Thompson J, Gibson T, Plewniak F, Jeanmougin F, Higgins, D (1997) The CLUSTAL_X 
windows interface: flexible strategies for multiple sequence alignment aided by 
quality analysis tools. Nucleic Acids Research, 25, 4876-4882. 
 
Thorbjarnarson JB, Hernandez G (1992) Recent investigations of the status and 
distribution of the Orinoco crocodile Crocodylus intermedius in Venezuela. 
Biological Conservation, 62, 179-188. 
 
Thorbjarnarson JB, Mazzotti FJ, Sanderson E, Buitrago F, Lazcano M, Minkowski K, 
Muniz M, Ponce P, Sigler L, Soberon R, Trelancia AM , Velasco A (2006) 
Regional habitat conservation priorities for the American crocodile. Biological 
Conservation, 128, 25-36. 
 
Tucker AD, Limpus CJ, McCallum HI, McDonald KR (1996) Ontogenetic dietary 
partitionary by Crocodylus johnstoni during the dry season. Copeia, 1996, 978-
988. 
 
Tucker AD, Limpus CJ, McCallum HI, McDonald KR (1997) Movements and home 
ranges of Crocodylus johnstoni in the Lynd River, Queensland. Wildlife Research, 
24, 379-396. 
 
Vasconcelos WR, Hrbek T, da Silveira R, de Thoisy B, Araujo dps Sampts Ruffeil A, 
Farias IP (2008) Phylogeographic and conservation genetic analysis of the black 
caiman (Melanosuchus niger). Journal of Experimental Zoology, 309A, 600-613. 
 
Venegas-Anaya M, Crawford AJ, Escobedo Galvan AH, Sanjur OI, Densmore LD, 
Bermingham E (2008) Mitochondrial DNA phylogeography of Caiman 
crocodilus in Mesoamerica and South America. Journal of Experimental Zoology, 
309A, 614-627. 
146 
 
 
 
Veldkamp A, Fresco LO (1997) Reconstructing land use drivers and their spatial scale 
dependence for Costa Rica (1973 and 1984). Agricultural Systems, 55, 19-43. 
 
Verdade LM, Zucoloto RB, Coutinho LL (2002) Microgeographic variation in Caiman 
latirostris. Journal of Experimental Zoology (Mol Dev Evol), 294, 387-396. 
 
Vasconcelos WR, Hrbek T, da Silveira R, de Thoisy B, Araujo dps Sampts Ruffeil A, 
Farias IP (2008) Phylogeographic and conservation genetic analysis of the black 
caiman (Melanosuchus niger). Journal of Experimental Zoology, 309A, 600-613. 
 
Venegas-Anaya M, Crawford AJ, Escobedo Galvan AH, Sanjur OI, Densmore LD, 
Bermingham E (2008) Mitochondrial DNA phylogeography of Caiman 
crocodilus in Mesoamerica and South America. Journal of Experimental Zoology, 
309A, 614-627. 
 
Villesen P (2007) FaBox: an online toolbox for FASTA sequences. Molecular Ecology 
Resources, 7, 965-968. 
 
Wang J (2004) Application of the one-migrant-per-generation rule to conservation and 
management. Conservation Biology, 18, 332-343. 
 
Watterson G (1978) The homozygosity test of neutrality. Genetics, 88, 405-417. 
 
Watterson G (1986) The homozygosity test after a change in population size. Genetics, 
112, 899-907. 
 
Weaver JP, Rodriguez D, Venegas-Anaya M, Cedeno-Vazquez JR, Forstner MR, 
Densmore LD (2008) Genetic characterization of captive cuban crocodiles 
(Crocodylus rhombifer) and evidence of hybridization with the American 
crocodile (Crocodylus acutus). Journal of Experimental Zoology, 309A, 649-660. 
 
Webb GJW, Messel H (1978) Movement and dispersal patterns of Crocodylus porosus in 
some rivers of Arnhem Land, Northern Australia. Australian Wildlife Research, 5, 
263-283. 
 
Weir B, Cocker ham C (1984) Estimating F-statistics for the analysis of population 
structure. Evolution, 38, 1358-1370. 
 
Wilson GA, Rannala B (2003) Bayesian inference of recent migration rates using 
multilocus genotypes. Genetics, 163, 1177-1191. 
 
Wright S (1948) On  the roles of directed and random changes in gene frequency in the 
genetics of populations. Evolution, 2, 279-294. 
 
147 
 
 
Yang Z (1994) Estimating the pattern of nucleotide substitution.  Journal of Molecular 
Evolution, 39, 105-111. 
 
 
 
  
148 
 
 
 
 
Appendix A: Size Class Distribution of Captured Crocodiles from the  
Pacific coast of Costa Rica 
 
 
 
Table A.1: Size class distribution of all captured crocodiles. Sites PL, PTL, RE, RC, RS, 
PB and T are all found in the Osa Conservation Area.. 
Site Abbr. Hatchling Juvenile Subadult Adult Total 
Las Baulas National 
Park 
LB 29 22 13 3 67 
Santa Rosa National 
Park 
SR 13 9 5 0 27 
Palo Verde National 
Park 
PV 32 33 2 9 76 
Rio Tarcoles RT 0 14 0 3 17 
Pejeperro Lagoon PL 0 7 1 0 8 
Pejeperrito Lagoon PTL 0 6 1 0 7 
Rio Esquinas RE 0 9 0 0 9 
Rio Coto RC 0 4 0 0 4 
Rio Sierpe RS 0 7 0 0 7 
Parrot Bay Lodge PB 0 1 1 1 3 
Terraba Delta T 0 7 0 0 7 
Area of Conservation 
Osa 
ACOSA 0 41 3 1 45 
Total  74 119 23 16 232 
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